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Abstract
Bottlebrush polymers are a class of highly branched polymers consisting of polymeric
side chains that are densely grafted to a linear backbone. Their highly branched
architecture results in surface enrichment across a broad range of materials. The
goal of my research has been centered around the design of functional bottlebrush
polymers and their use as surface active additives in blend films and coatings.
In the first chapter, we examine the segregation behavior of polystyrene bottlebrushes that are blended with linear polystyrene. We systematically vary the lengths
of the bottlebrush backbone (Nb ), side-chain (Nsc ), and the linear matrix (Nm ) in
order to develop scaling laws, along with phase diagrams, that describe the segregation
behaviors observed in thin films. Based on these results we established the design
"rule" Nm /Nsc » 2 to aid in the development of a surface enriched bottlebrush/linear
polymer system.
In the second chapter, we designed bottlebrush copolymers containing styrene (S)
and the functional chemistry tert-butyl acrylate (tBA) as additives for polystyrene
(PS) thin films. tBA is changed into acrylic acid (AA) by heating at moderate
temperature, which allows for tuning of the adhesion and wettability of the film.
Contact angle goniometry and immersion tests demonstrate the tuning of surface
wettability and adhesion at the substrate, respectively, provided by the tBA/AA
moieties.
In the third chapter, we synthesize bottlebrush-functionalized elastomers as
fouling resistant coatings for use in marine environments. The bottlebrush polymer

vi

side-chains contained chemistries associated with anti-fouling and fouling-release
properties. Coatings were prepared from each type of bottlebrush-functionalized
elastomer, as well as binary and ternary blends thereof, on large-area panels. These
panels were submerged in the Narragansett Bay (RI) and periodically observed over
4 months. We found that both hard and soft fouling varied across each coating,
indicating that fouling resistance was controlled by both coating surface chemistry
and topography.
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Chapter 1
Introduction
Bottlebrush polymers are a class of highly branched polymers consisting of polymeric
side chains that are densely grafted to a linear backbone. As seen in Figure 1.1,
the architectural parameters of bottlebrush homopolymers consist of the side chain
grafting density (z ), side chain degree of polymerization (Nsc ), and backbone degree of
polymerization (Nb ). Due to their high grafting density, the side chains and backbone
of bottlebrush polymers exhibit extended conformations[2], resulting in different
shapes, such as spherical, cylindrical, or worm-like, depending on the side chain
and backbone lengths[3]. Additionally, properties such as entanglements and selfassembly can be drastically different from linear analogs, and bottlebrush polymers
tend to remain unentangled even at high molecular weight[4, 5].
Additional parameters exist for bottlebrush copolymers since they contain two
(or more) unique chemistries.

The side chains of a copolymer bottlebrush can

consist of either distinct homopolymers of each chemistry (PX and PY) or all
chemistries can be combined into one copolymer side chain (P(X-r -Y)). When using a
mixture of chemically-distinct homopolymer side chains, tuning of the composition is
accomplished by changing the overall ratio of each side chain used when synthesizing
the bottlebrush. Additionally, as seen in Figure 1.2, the sequence of side chains
along the backbone can range from being fully random to distinct blocks of each side
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Figure 1.1: Example of the architectural parameters Nsc , Nb , and z for a bottlebrush
homopolymer. z = 1 for this example since each backbone repeat unit contains a side
chain.

Figure 1.2: The depicted polymers are copolymer bottlebrushes made using
homopolymer side chains (PX and PY). The top bottlebrush is a block copolymer
bottlebrush that self-assembles into domains with a periodicity set by the length of
each distinct block. The bottom bottlebrush is a random copolymer bottlebrush that
self-assembles into domains with a periodicity set by the length of each side chain[1].
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chain chemistry, which can influence properties such as self-assembly[1, 6]. When
using copolymer side chains, the composition is tied to the synthetic method used to
make the side chain, and backbone sequence is not a factor, since all chemistries are
contained in each side chain.

1.1

Synthesis of Bottlebrush Polymers

Three approaches are generally considered when synthesizing a bottlebrush polymer:
grafting to, grafting from and grafting through (Figure 1.3). In the grafting to
approach, the side chains and backbone are synthesized separately, followed by
attachment of the side chains to the backbone in a separate coupling step. This
coupling is often accomplished using a "click" reaction, which relies on selective
reactions between two groups such as alkyne-azido[7–9] or thiol-epoxy[10, 11]. The
synthesis of each component in separate reactions allows for precise control of their
sizes. However, one drawback to this method is that steric interactions between side
chains during the coupling reaction leads to reduced grafting densities. Generally,
grafting densities of ≤ 60% are achieved[8, 9, 12–14], although some higher densities
(>95%) have been reported[15].
In the grafting from approach, the backbone is prepared first and contains a
number of initiator sites along its length. Side chains are then synthesized from
these initiator sites using techniques such as reversible addition-fragmentation chaintransfer (RAFT)[16, 17], atom transfer radical (ATRP)[18, 19], or ring opening
(ROP)[18, 20, 21] polymerizations. Similar to grafting to, backbone size is easily
tuned due to the separate synthetic steps. However, uniform side chain lengths can
be difficult to achieve, even when using controlled radical polymerizations, due to
the steric crowding that occurs around each growing chain[22]. Additionally, the
creation of copolymers can be difficult due to multiple steps, such as initiator site
protection/deprotection, being necessary[23].

3

Figure 1.3:
polymers[3].

Example of the three approaches used to synthesize bottlebrush
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In the grafting through approach, side chains with a functional group at one end,
often called macromonomers, are prepared first. These macromonomers are then
linked together using this functional group to form the final bottlebrush polymer.
A commonly utilized functional group is norbornene, which consists of a strained
bicyclic ring structure that readily undergoes ring-opening metathesis polymerization
(ROMP) when in the presence of a transition metal catalyst. Titanium and tungsten
based catalysts are especially effective for olefins but are extremely sensitive to
functional groups. This led to the development of more robust catalysts, with the
two most prominent being Schrocks and Grubbs, which rely on molybdenum and
ruthenium metal centers, respectively. For my work, I rely on the 3rd generation
Grubbs catalyst due to its stability and functional group tolerance[1, 24, 25]. One
of the main advantages of grafting through is in its simplicity. Macromonomers
can be synthesized in one step, followed by ROMP to form the bottlebrush, with
no extra steps, such a protection/deprotection of active groups, being necessary.
Additionally, copolymers can be easily synthesized through incorporation of a second
macromonomer chemistry into the ROMP. Grafting through also results in a uniform
grafting density since each backbone repeat unit is linked to a side chain. One major
drawback, however, is the removal of unreacted macromonomer after polymerization
can be difficult.

1.2

Bottlebrush Polymers as Blend Film Additives

The surface properties of a polymer film or coating are relevant for many applications,
such as wettability[26, 27], adhesion[28, 29], or fouling resistance[30, 31]. However,
commodity polymers rarely have the optimal surface properties for all potential
applications. One method to tailor the surface properties of a film involves the
blending of two chemically- and/or architecturally-distinct polymers, one of which
enriches the surfaces to introduce a new property or function.

This surface

enrichment is controlled by enthalpic effects, entropic effects, or a combination
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of both[32].

Enthalpic effects favor the enrichment of the lower surface energy

component[33, 34], while entropic effects generally favor the enrichment of lower
molecular weight chains or more highly branched architectures[35–37]. Enthalpic
effects usually dominate in blends of linear polymers.

However, when dealing

with highly branched additives, entropic effects can compete with enthalpic effects.
By leveraging these effects, surface-active additives can be designed to produce
desired surface functions while maintaining bulk properties. For example, Walton
et al. examined the blend behavior of poly(methyl methacrylate) (PMMA) and
the branched polymer poly(methyl methacrylate-r-methoxy poly(ethylene glycol)
monomethacrylate) (P(MMA-r-MnG)), which exhibit favorable enthalpic interactions
with one another. They found that, when cast into a film, the branched polymer
preferentially enriched the film surface, even though it has a higher surface energy
than the linear PMMA. It was also shown that the PEG layer formed on the surface
helped the film to be protein resistant [30].
Bottlebrush polymers exhibit an extreme amount of branching, which suggests
that they could be highly surface active across a broad range of materials. Studies
have shown that highly-branched polymers, such as many-armed star and bottlebrush
architectures, can be designed to de-mix from the host polymer and segregate at film
interfaces during processing[30, 38]. For example, bottlebrush poly(styrene-r -methyl
methacrylate) additives were shown to de-mix from a blend with linear poly(styreneblock -methyl methacrylate) and segregate at both the air and substrate surfaces. The
surface enrichment occurred during solution casting and persisted through thermal
annealing. This process created a “neutral” topcoat that stabilized a perpendicular
orientation of the self-assembled block copolymer domains relative to the surfaces[39,
40], making these additives useful for applications in lithography.
Previous studies by our group have demonstrated the conditions that favor
enrichment of the bottlebrush additive at the free surface and substrate interface.
We focused on systems with neutral[41], attractive [42], or repulsive[43] interactions
between the bottlebrush and linear polymer.
6

In the "neutral" system, which

consisted of bottlebrush PS blended with linear PS, we found that entropic
effects could be leveraged to control the dispersion of bottlebrush through the
film.

By altering the lengths of the bottlebrush backbone or linear matrix

chains, the surface composition could be varied to be either bottlebrush enriched
or bottlebrush depleted[41].

Similarly, in an "attractive" system comprised of

bottlebrush poly(cyclohexyl methacrylate) (PCHMA) blended with linear PS, we
found the same entropy-mediated behavior as observed in the "neutral" system. Even
though PCHMA is miscible with PS, the bottlebrushes were driven to the surface
and substrate by altering the bottlebrush and/or matrix sizes[42]. Finally, similar
trends were documented in a "repulsive" system based on poly(methyl methacrylate)
(PMMA) and PS chemistries: specifically, the bottlebrush additives were copolymers
of PS and PMMA, and the linear matrix was either PS or PMMA homopolymer.
We found that these bottlebrushes exhibit a much stronger enrichment at the surface
and substrate when compared to the "neutral" and "attractive" systems, with nearly
complete depletion from the interior of the film[43].

1.3

Research Overview

This dissertation is centered around the design of functional bottlebrush polymers
and their use as surface active additives in thin films and coatings. Efforts have
consisted of three main projects: 1) Develop scaling laws to guide the design
of surface-active bottlebrush architectures, using a model athermal system as a
guide. 2) Demonstrate that surface-active bottlebrush additives can tailor the surface
wettability and substrate adherence of a commodity polymer. 3) Design bottlebrush
polymer additives for commodity elastomers that improve fouling resistance in marine
environments.
In the first project, we looked at how bottlebrush architecture affects phase
separation in blends with linear polymers. To examine the entropic driving forces,
we examined an approximately athermal system comprised of partially deuterated
7

polystyrene bottlebrush polymers blended with linear polystyrene. The degree of
polymerization of the bottlebrush side chains (Nsc ) and backbone (Nb ) were varied,
along with that of the linear polystyrene matrix (Nm ). Blend films based on different
ratios of matrix/side chain lengths (Nm /Nsc ) were prepared and examined, either
after casting or after annealing for 3 days at 150◦ C. Bottlebrush polymer design
guidelines were then developed using data from this study in conjunction with data
from a previous study[41]. The design "rule" Nm /Nsc » 2 was established to aid in
the development of a surface enriched bottlebrush/linear polymer system.
In the second project, we designed a "functional" bottlebrush copolymer additive,
using the previously mentioned design guidelines, for improving substrate adherence
and surface wettability of PS. The bottlebrush copolymer additives were designed
with both tert-butyl acrylate (tBA) and styrene (S) moieties in the side chains,
where tBA is the "functional" chemistry and S is incorporated to help compatibility
with the PS host. We chose tBA as our functional chemistry due to it being a low
energy, hydrophobic chemistry that is converted to acrylic acid (AA) by heating at
moderate temperature. AA is a high surface energy, hydrophilic, and pH-responsive
chemistry[44, 45]. This provides us with a method to tune surface properties, such
as wettability, by simply heating the film to activate the deprotection of tBA to form
AA.
In the third project, we designed fouling-resistant coatings for marine environments based on bottlebrush-functionalized elastomers. Bottlebrush homopolymers
and copolymers were synthesized with polydimethylsiloxane (PDMS), polyethylene
oxide (PEO), and/or poly(trifluoroethyl methacrylate) (PTFEMA) side chains.
These chemistries were chosen due to their association with anti-fouling (PEO)[46, 47]
and fouling-release (PDMS, PTFEMA)[48–50] properties. This third project followed
a slightly different approach compared to the first two projects. In the first two
projects, the bottlebrush additives were blended with a linear homopolymer, which allows for them to freely diffuse during the casting and annealing processes. In this third
project, the bottlebrush additives were covalently linked to the linear matrix polymer,
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which in this case was a triblock copolymer, poly(styrene-b-ethylene/butylene-bstyrene), instead of a homopolymer. This bottlebrush-functionalized elastomer was
then used as an additive in an unfunctionalized elastomer, and the blend usedto create
thin films.
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Chapter 2
Entropic and Enthalpic Effects in
Thin Film Blends of Homopolymers
and Bottlebrush Polymers
The work described in this chapter has been published in:
Mah, A. H.* ; Laws, T.* ; Li, W.* ; Mei, H.; Brown, C. C.; Ievlev, A.; Kumar, R.;
Verduzco, R.; Stein, G. E. Entropic and Enthalpic Effects in Thin Film Blends of
Homopolymers and Bottlebrush Polymers. Macromolecules 2019, 52 (4), 1526–1535.
*
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operators of the TOF-SIMS instrument located at ORNL. H. Mei and R. Verduzco
are collaborators from Rice University.
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2.1

Introduction

Surface-active polymeric additives can decouple surface functions from bulk properties
of the host polymer[51–53]. Enrichment of these additives near surfaces is driven
by the reduction in surface free energy, so in a blend the constituent with the
lowest surface tension will spontaneously accumulate at the surface.

For linear

polymers, surface tension is dominated by enthalpic interactions prescribed by
monomer chemistry, while entropic factors associated with molecular weight and chain
stiffness play a secondary role. Therefore, in a blend of chemically distinct linear
polymers, the polymer with the lowest cohesive energy density is usually enriched at
the surface.
When all constituents in a polymer blend have the same monomer chemistry
(i.e., an athermal system), the effects of chain length[35, 54] and architecture[38, 55,
56] on surface tension become relevant. As examples, when linear polymers have a
distribution of chain lengths, the shorter chains are attracted to the surface, and in
a blend of branched and linear polymers, the branched polymer is usually attracted
to a surface. These behaviors arise from an entropic preference for chain ends[38,
55–61] over "midmonomers" at surfaces. In other words, long linear polymers, having
a low ratio of chain ends to mid-monomers, experience a greater entropy loss at a
surface compared with branched polymers or short linear polymers[37, 38, 62, 63]. An
additional factor that controls surface attraction is the relative stiffness of each type
of polymer. For instance, in the case of highly branched bottlebrush polymers, steric
interactions among side chains will produce an extended polymer backbone, effectively
increasing the backbone Kuhn segment length[64]. Such stiffening of the backbone
causes entropic repulsion of bottlebrush polymers from a planar surface[65–67].
While bottlebrush polymers are widely studied for applications in drug delivery[68,
69], photonics[6, 70], lubricants[71, 72], and responsive coatings[73], there are
few studies on surface attraction in blends of bottlebrush polymer additives and
linear polymer hosts. Mayes and co-workers examined blends of chemically distinct
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bottlebrush-like polymers and linear polymers and showed that the strong entropic
attraction of highly grafted polymers to surfaces could overcome enthalpic preferences[30, 38]. A previous study from Stein, Verduzco, and coworkers examined the
segregation behaviors in thin films containing blends of bottlebrush polystyrene and
linear poly(d8-styrene) hosts[41]. The bottlebrush backbone and sidechain lengths
were fixed while the host chain length was varied. Within the narrow parameter space
considered, the bottlebrush was strongly preferred at surfaces when the host chains
were much longer than bottlebrush side chains. Such behaviors were also captured
in simulations of athermal linear/bottlebrush blends based on dissipative particle
dynamics[74].

Collectively, these studies demonstrate that bottlebrush polymers

can be engineered to spontaneously accumulate at the surface of a linear host.
However, the observed behaviors in experiments are controlled by a combination
of entropic effects and enthalpic interactions that arise from end-group chemistry[51,
75, 76], joint chemistry[63, 76], and isotopic labels[60, 77]. A concerted experimental
and modeling effort is needed to efficiently explore a broader parameter space.
Moreover, the modeling effort must account for entropic effects that are present at
high grafting densities as well as subtle enthalpic interactions that are difficult to
avoid in experiments.
In this chapter, we investigate a broader parameter space than in our prior
work[41] and systematically examine the effects of bottlebrush backbone length (Nb ),
bottlebrush side-chain length (Nsc ), and linear host chain length (Nm ) on as-cast and
annealed thin films. These studies encompass an array of bottlebrush architectures
ranging from starlike to cylindrical, with subtle differences in the chemistries of
bottlebrush and linear polymers due to end-groups, joints, and isotopic labels. The
experimental studies reveal combinations of architectural parameters that produce
enrichment and depletion of bottlebrush at the surface and also show conditions
of nonpreferential wetting.

Experimental results for the surface segregation of

bottlebrush polymers are summarized in schematic phase diagrams in terms of two
parameters, Nm /Nsc and Nb /Nsc , which describe the ratio of chain ends in bottlebrush
12

and linear polymers and the architecture of bottlebrush polymers, respectively. We
note that these results are partly controlled by system-specific parameters, such as
the grafting density of bottlebrush side chains and the Kuhn lengths of each polymer,
so the experimental schematic phase diagrams are not universally applicable.

2.2

Experimental Section

Materials
Linear Polystyrene (PS) Homopolymers
PS standards were purchased from Scientific Polymers, Inc. Their specifications are
reported in Table 2.1.
Reagents
Unless otherwise specified, all reagents and solvents were purchased from commercially available sources and used as received. Styrene was passed through an
aluminum oxide column, and d8 -styrene was distilled at 70 ◦ C under vacuum to remove
inhibitors. 2,2-Azobis(2-methylpropionitrile) (AIBN) was purified by recrystallizing in methanol.

Bicyclo[2.2.1]hept-5-en-2-ylmethyl 2-(((dodecylsulfanyl)(thioxo)-

methyl)sulfanyl)-2-methylpropanoate (NB-CTA)[78] and the modified second-generation
Grubbs ((H2 IMes)(-Pyr)2 (Cl)2 RuCHPh) (G3)[24] were synthesized according to
methods in other reports.
Norbornene-Functionalized Poly(d8-styrene-r-styrene) Macromonomer (NB-rPS-CTA)
Linear poly(d8 -styrene-r-styrene) macromonomers, NB-rPS-CTA, were prepared using reversible addition-fragmentation chain-transfer (RAFT) polymerization (Figure
2.1). Styrene-d8 (d8 S), styrene (S), NB-CTA, AIBN, and toluene were added into
a 10 mL round-bottom flask equipped with a stir bar. The solution mixture was
purged with nitrogen gas for 30 min, and the polymerization was initiated by placing
the flask in an oil bath at 70 ◦ C. After 18 h, the polymerization was quenched by
immersing the flask in an ice bath. The polymer was then obtained by precipitating
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Table 2.1: Characteristics of the PS standards. Mn is number-average molecular
weight, N is degree of polymerization, and Ð is dispersity.
Polymer
PS1
PS2
PS3
PS4
PS5

Mn (kg/mol)
N
Ð
2.4
23 1.01
8.0
77 1.05
18.0
173 1.01
58.0
558 1.01
211.5
2033 1.01

Figure 2.1: (i) RAFT (70 ◦ C, d8 -styrene, styrene, AIBN, toluene) ; (ii) ROMP
(CH2 Cl2 , G3.)
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in cold methanol and dried under vacuum. GPC and NMR were used to characterize
the molecular weight and d8 -styrene fraction, respectively.
Bottlebrush (BB) Poly(d8 -styrene-r-styrene)
BB polymers with rPS-CTA side chains were prepared through the ring-opening
polymerization (ROMP) of NB-rPS-CTA macromonomers using G3 catalyst (Figure
2.1). In a representative example, a stock solution of G3 was prepared in anhydrous
dichloromethane (DCM, 0.003 mmol/mL) in a vial. In a separate vial with a stir
bar, NB-rPS-CTA (50 mg, 0.0147 mmol) was dissolved in anhydrous DCM (0.48
mL). Next, 0.1 mL (0.0003 mmol) of the catalyst solution was added to initiate the
reaction, and the reaction mixture was stirred at room temperature for at least 1 h.
The reaction was then quenched with 0.1 mL of butyl vinyl ether, and the product was
recovered through precipitation in cold methanol followed by drying under vacuum
at room temperature. Based of the GPC analysis, all BB synthesized were found
to have a macromonomer conversion of >92%. 1H NMR and GPC spectra for the
bottlebrush polymers are provided in Appendix A (Figures A1 and A2, respectively).
The properties of the bottlebrush polymers used in this study are reported in Table
2.2.
Instrumentation
Gel Permeation Chromatography (GPC)
Molecular weights and dispersities of rPS and BB polymers were obtained using
an Agilent 1200 module containing three PSS SDV columns in series (100, 1000,
and 10000 Å pore sizes), an Agilent variable wavelength UV/vis detector, a Wyatt
Technology HELEOS II multiangle laser light scattering (MALLS) detector (λ=
658 nm), and a Wyatt Technology Optilab rEX RI detector. This system enables
size exclusion chromatography (SEC) with simultaneous refractive index (SEC-RI),
UV/vis (SEC-UV/vis), and MALLS detection. THF was used as the mobile phase
with a flow rate of 1 mL/min at 40 ◦ C. The conversions of the synthesized bottlebrush
polymers were determined by comparing the peak areas of the rPS BB polymers
and unreacted rPS macromonomers. The refractive index (dn/dc) of each rPS BB
15

Table 2.2: Characteristics of the PS standards, macromonomers and bottlebrush
polymers. Mn is number-average molecular weight, N is degree of polymerization, Ð
is dispersity, and F d8 S is mol % of d8 S in the final polymer. i For the bottlebrush
polymers, N and Ð correspond to backbone lengths and dispersities, respectively.
Polymer
NB-P(d8 S-r -S)1
NB-P(d8 S-r -S)2
NB-P(d8 S-r -S)3
BB-P(d8 S-r -S)1a
BB-P(d8 S-r -S)1b
BB-P(d8 S-r -S)2
BB-P(d8 S-r -S)3

Mn (kg/mol) Ni
Ði f d8 S
3.0
28 1.1 0.35
4.6
44 1.1 0.35
8.2
77 1.1 0.42
72
24 1.25 0.35
507
169 2.34 0.35
101
22 1.36 0.35
213
26 1.52 0.42
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polymers was calculated with the assumption of 100% mass recovery and corrected
by using the actual injected mass of BB in the solution. This correction accounts for
the unreacted rPS macromonomers after the ROMP reaction.
Nuclear Magnetic Resonance Spectroscopy (NMR)
Using a 400 MHz Bruker multinuclear spectrometer, we obtained the hydrogen NMR
(1 H NMR) spectra in CDCl3 with tetramethylsilane as an internal standard. Samples
were prepared with a concentration of 10 mg/mL in 5 mm o.d. tubes.
Spectroscopic Ellipsometry
The thicknesses of the polymer films were measured using a J.A. Woollam M-2000
spectroscopic ellipsometer. The ellipsometry parameters Δ and Ψ were modeled by
describing the polymer’s optical properties with the Cauchy dispersion relation, n(λ)
= A + B/λ2 , where λ is the incident wavelength (nm). The Cauchy constants (A, B)
and film thickness were adjustable parameters for regression analysis. Typical values
of the A and B parameters are 1.5 and 0.01, respectively.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
The depth-dependent composition of each thin film blend was measured using a ToFSIMS V (ION-TOF GmbH, Germany) instrument at Oak Ridge National Laboratory.
Measurements were performed using a Bi/Mn liquid metal ion gun (LMIG) and an
argon gas cluster ion gun that were operated in noninterlaced, dual beam mode with
alternating sputtering and analysis cycles. For all samples, the Arn + (5 keV, 4 nA,
n = 1500 or 10 keV, 10 nA, n = 2300) beam was rastered over a 500 µm2 area with
a central Bi3 + (30 keV, 45 nA, high spectral resolution mode) analysis beam region
of 200 µm2 . An electron flood gun was used for charge compensation operating at
21 eV and 20 µA. Positive secondary ions were collected at a rate of 2 frames/s
to maximize signal-to-noise. The spectral resolution of the ToF mass analyzer was
<0.0005 Da. For this study, we used the deuterium secondary ion counts (2 H+ ) to
track the distribution of bottlebrush polymers throughout the film thickness, and we
used positive silicon secondary ions (Si2 + ) to detect the polymer/substrate interface.
Procedures for calibrating the sputtering rate and the ion signal are provided in
17

Appendix A. An example of sputter rate calibration is shown in Figures A3 and A4,
and the calibration curve for the 2 H+ /C+ ion ratio is reported in Figure A5.
Thin Film of Polymer Blends
Linear PS and BB polymers were dissolved in chlorobenzene at a 9:1 ratio (w/w).
The concentration of the solids varied from 5.5 to 6.5 wt%. The films were prepared
using a flow coater which was built following a reported design[79]. The gap height
used for coating was 500 µm, and the blade was a 3 in. × 1 in. glass microscope
slide. 50 µL of polymer solution was flow coated onto clean (100)-oriented p-type 4
in. diameter silicon wafers. The velocity used for coating was adjusted from sampleto-sample to generate a film thickness of 300 ± 30 nm. The samples were then cut
down to 1.2 cm × 1.2 cm size. Some pieces were set aside to measure the structure
that forms during solution casting. Other pieces were annealed at 150 ◦ C for 3 days
in a nitrogen-purged glovebox (3 ppm of O2 , <1 ppm moisture).

2.3

Results and Discussion

Blends of linear PS and bottlebrush rPS were prepared with a 9:1 (w/w) ratio in
chlorobenzene. We assume that the densities of linear PS and bottlebrush rPS are the
same, so volume fraction and weight fraction are equivalent. Films with thicknesses of
350 ± 20 nm were prepared by flow coating onto clean silicon (Si) wafers and annealed
at 150 ◦ C for 3 days. The film surfaces (as-cast and annealed) were imaged with
atomic force microscopy and optical microscopy, and there are no signs of lateral phase
separation in these images (see Figures S6-S9). The depth-dependent composition
of bottlebrush polymer was measured with TOF-SIMS. The 2 H+ signal unique to rPS
side chains was used to calculate the rPS volume fraction (φ) as a function of depth
into the film. This approach does not distinguish between the bottlebrush side chains
and unreacted macromonomer. However, the unreacted macromonomer comprised
<0.8% of the total blend, and the effects of architecture on surface attraction are
much stronger than the effects of chain length in these blends.
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Figure 2.2 reports the as-cast depth profiles for films with BB-P(d8 S-r -S)1a , BBP(d8 S-r -S)2 , and BB-P(d8 S-r -S)3 additives as a function of the linear PS chain
length (Nm ). The position of the polymerair interface is defined as depth = 0 nm,
and the position of the polymerSi interface is marked by the red vertical line. All
blends contain 10% bottlebrush additive, so if the bottlebrush polymers are uniformly
distributed throughout the film, then the volume fraction of rPS side chains should
be φ = 0.1 at all depths. When the lengths of linear PS chains and bottlebrush rPS
side chains are similar (i.e., Nm /Nsc ∼ 1), there is a slight enrichment of bottlebrush
additive near the polymerSi interface, but the composition is otherwise constant with
depth at φ ≈ 0.1. As the length of the linear PS chain is increased (Nm /Nsc ∼
7-20), the bottlebrush is enriched at the surface of all films. Notably, the strong
enrichment at depth = 0 nm demonstrates that top of the film has a nearly pure
layer of bottlebrush polymer (i.e., φ → 1).
We also considered the effects of processing on the as-cast film structures.
Specifically, we prepared thin film blends of BB-P(d8 S-r -S)2 with linear PS (Nm /Nsc
∼ 20) were prepared by flow coating and spin coating from both chlorobenzene and
toluene. The drying time was longest for flow coating from chlorobenzene and shortest
for spin coating from toluene. Both coating methods produce a directional drying
process that starts at the free surface. The depth-dependent bottlebrush composition
for each combination of solvent and coating method is reported in Figure A10. We
observe two trends in the data. First, the flow-coated samples exhibit a larger surface
composition of bottlebrush (by ∼ 20%) compared to the spincasted samples, and this
behavior is independent of the solvent used. Second, samples cast from chlorobenzene
have a larger surface composition of bottlebrush (by ∼ 15%) than samples cast from
toluene. A similar dependence of film morphology on solvent evaporation rate is
observed in other polymer blend systems and was recently described using principles
of linear nonequilibrium thermodynamics.[80]
Figure 2 reports the depth profiles for films containing BB-P(d8 S-r -S)1a , BBP(d8 S-r -S)2 , and BB-P(d8 S-r -S)3 additives after annealing at 150 ◦ C for 3 days.
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Figure 2.2: Volume fraction (φ) of rPS side chains as a function of depth in as-cast
films. The position of the polymerair interface is at depth = 0 nm, and the position of
the polymer-Si interface is marked by the red vertical line. The bottlebrush side-chain
length (Nsc ) and backbone length (Nb ) are fixed in each row. The ratio of linear PS
chain length to bottlebrush rPS side-chain length (Nm /Nsc ) is fixed in each column.
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Compared with as-cast films, the depth profiles of annealed films show an enhanced
bottlebrush composition (φ > 0.1) at the polymer-Si interface for nearly all samples.
Moreover, the depth profiles of annealed films reveal three types of behavior at the
polymerair interface: depletion of bottlebrush (φ < 0.1), enrichment of bottlebrush
(φ > 0.1), and neither depletion nor enrichment of bottlebrush (φ ≈ 0.1). When
Nm /Nsc ∼ 1, all three types of bottlebrush additive are depleted from the polymerair interface, which means the short linear polymers are preferred at the polymer-air
interface. When Nm /Nsc = 7, the BB-P(d8 S-r -S)1a additive is enriched near the
polymer-air interface. However, while the as-cast films with BB-P(d8 S-r -S)1a have
the maximum bottlebrush composition at depth = 0 nm, the annealed films show the
maximum deeper into the film. In an athermal system, this behavior can be attributed
to competing entropic forces: the surface will attract chain ends but also repel the
backbone joints.[37] A weak enthalpic attraction between the linear polymer and free
surface could also contribute to this effect. In contrast to films with BB-P(d8 S-r -S)1a ,
the depth profiles for films with BB-P(d8 S-r -S)2 and BB-P(d8 S-r -S)3 show neither
depletion nor enrichment of bottlebrush at the polymer-air interface. When Nm /Nsc
= 20, the depth profiles for all films show enrichment of the bottlebrush near the
polymerair interface, although this effect is very weak for BB-P(d8 S-r -S)3 .
The effects of backbone length on surface composition are revealed by comparing
the depth profiles for BB-P(d8 S-r -S)1a and BB-P(d8 S-r -S)1b bottlebrush additives
with Nm /Nsc ∼ 7. These two bottlebrush polymers have the same side-chain lengths
(Nsc = 28) but different backbone lengths (Nb = 24 and 169). The results for BBP(d8 S-r -S)1a are shown in Figure 2.2c (as-cast) and Figure 2.3d (annealed), and
those for BB-P(d8 S-r -S)1b are provided in Figure A11 (as-cast and annealed). Both
additives accumulate near the polymer-air interface after casting. However, after
annealing, the maximum surface composition of BB-P(d8 S-r -S)1b is greater than that
of BB-P(d8 S-r -S)1a , with values of φ = 0.53 and 0.21, respectively. This observation
demonstrates that chain-end attraction dominates over joint/backbone repulsion, as
noted in other studies that examined surface attraction of branched polymers using
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Figure 2.3: Volume fraction (φ) of rPS side chains as a function of depth in annealed
films (150 ◦ C). The position of the polymer-air interface is at depth = 0 nm, and the
position of the polymer-Si interface is marked by the red vertical line. The bottlebrush
side-chain length (Nsc ) and backbone length (Nb ) are fixed in each row. The ratio of
linear PS chain length to bottlebrush rPS side-chain length (Nm /Nsc ) is fixed in each
column.
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linear response theory.[55, 63] In addition, the maximum bottlebrush composition
is moved slightly deeper into the film with BB-P(d8 S-r -S)1b (at depth = 23 nm)
compared to BB-P(d8 S-r -S)1a (at depth = 18 nm), which demonstrates that surface
repulsion increases with the number of backbone joints.[37]
We summarize the observed surface segregation behaviors for as-cast and annealed
samples in Figures 2.4a and 2.4b, respectively. In addition to the data from this
study (closed symbols), we also incorporate data from our previous study[41] (open
symbols) to generate a more comprehensive summary (while neglecting a few minor
differences between these investigations). We report outcomes as a function of Nb /Nsc
and Nm /Nsc rather than constructing a three-dimensional diagram to summarize the
independent variation of Nb , Nsc , and Nm . It is readily shown that Nb /Nsc and Nm /Nsc
control the entropic contributions to the bulk phase behavior along with the grafting
density and the conformational asymmetry parameter. The ratio Nb /Nsc qualitatively
describes the aspect ratio of bottlebrush polymers and the ratio Nm /Nsc quantifies
the relative fraction of chain ends in bottlebrush and linear polymers. We note that
some of the bottlebrush polymers have broad dispersities in the backbone molecular
weight, so each data point in Figure 2.4 reflects the average behavior for a range of
bottlebrush polymers with different backbone lengths. While backbone dispersity can
influence the location of the phase boundaries, this effect does not impact the general
trends.
Figure 2.4a summarizes the key characteristics of depth profiles in as-cast films
and demonstrates that the parameter Nm /Nsc fully describes the transition between
two types of surface behaviors: When Nm /Nsc < 4, the depth profiles are generally
“flat” (φ ≈ 0.1), meaning there is neither depletion nor enrichment of bottlebrush at
the polymer-air interface. When Nm /Nsc > 4, the depth profiles show an enrichment
of bottlebrush at the polymer-air interface (φ > 0.1). The surface enrichment is
attributable to kinetic effects during film casting and drying process: specifically, the
different mobilities of bottlebrush and linear polymers can give rise to a “skin” layer
with a composition that strongly depends on the solvent evaporation rate.[80, 81]
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Figure 2.4: Summary of segregation behaviors near the polymerair interface in
blends of bottlebrush (10%) and linear (90%) polystyrene. (a) Ascast and (b)
annealed at 150 ◦ C for 3 days (closed symbols) or 7 days (open symbols). Depth
profiles that show surface enrichment of bottlebrush = red triangles; depth profiles
that show surface depletion of bottlebrush = blue circles; and depth profiles that
appear “flat” = green squares.
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Understanding the kinetics that control the as-cast surface composition is beyond
the scope of this work. However, it is interesting to note that simple processing
approaches can produce a surface enrichment of bottlebrush at the film surface.
In Figure 2.4b, we summarize the three observed behaviors at the polymer-air
interface for annealed films: depletion of bottlebrush, enrichment of bottlebrush, and
neither depletion nor enrichment of bottlebrush (“flat” depth profiles). Depletion
of bottlebrush is observed when the linear host chains have similar lengths as the
bottlebrush side chains, which means the surface attraction of bottlebrush is weakened
due to relatively fewer chain ends. Enrichment of bottlebrush is observed when
Nm /Nsc and Nb /Nsc are both large. Surfaces with neither depletion nor enrichment
of bottlebrush are observed when Nb /Nsc is small and Nm /Nsc is large. Overall, the
diagrams in Figure 2.4a,b represent a simple and intuitive way to summarize the key
characteristics of depth profiles and suggest that the ratios Nm /Nsc and Nb /Nsc are
useful parameters for characterizing the surface segregation behaviors in blends of
bottlebrush and linear polymer.
To test for an enthalpic preference of linear PS over the bottlebrush side-chains
at the free surface, we performed control experiments using blends of NB-rPS-CTA
macromonomers (Nsc = 44) and linear PS polymers (Nm = 46) at a 50:50 weight ratio.
As the molecular weights of each constituent are approximately the same and both
polymer chains are linear, any surface segregation will reflect enthalpic interactions.
The outcomes of this test are presented in Figure 2.5. From the as-cast depth profile,
we observe a slight enrichment of the NB-rPS-CTA macromonomers at the polymerair
interface. However, after annealing (2 days, 150 ◦ C), there is a very slight depletion
of the NB-rPS-CTA macromonomers from the interface.
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Figure 2.5: Macromonomer polymer concentration, φ, as a function of depth into
the film for S44 , Nm = 46) at 50:50 volume ratio. Relative matrix length (Nm ) to
macromonomer chain length (Nsc ), Nm /Nsc ∼ 1.
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2.4

Conclusions

In this study, we report the surface segregation behaviors in thin film blends of
linear polystyrene and 10 vol % bottlebrush polystyrene.

We consider a broad

parameter space that includes the degree of polymerizations of linear polystyrene
(Nm ), bottlebrush backbone (Nb ), and bottlebrush side chain (Nsc ). Experiments
based on time-of-flight secondary ion mass spectrometry reveal three types of
behaviors at the film surface: enrichment of bottlebrush polymer, depletion of
bottlebrush polymer, and equal preference for bottlebrush and linear polymers. The
outcomes of this study were combined with previous work[41] to generate simple
phase diagrams for both as-cast and annealed systems. These different behaviors are
summarized as a function of Nb /Nsc and Nm /Nsc . The ratio Nb /Nsc describes the
aspect ratio of the bottlebrush and the ratio Nm /Nsc captures the transition from
wetting to dewetting of the bottlebrush by the linear matrix. This work defines the
design guidelines needed to drive bottlebrush polymer additives to the surface of a
film. The design "rule" Nm /Nsc » 2 was established to aid in the development of a
surface enriched bottlebrush/linear polymer system.
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Chapter 3
Tailoring Adhesion and Wettability of
Thin Polymer Films with
Surface-Segregating Additives
3.1

Introduction

Many commodity polymers, such as PS, are hydrophobic with poor adherence to highenergy surfaces [82, 83]. It is possible to tailor the surface properties and substrate
interactions of such materials through the used of block copolymer surfactants[84–86],
adhesion promotion layers[87–89], or post-processing treatments[90–92], but these
methods suffer from drawbacks. Block copolymer surfactants can form micelles that
dissolve inside the bulk polymer[93] in addition to accumulating at the air surface
and/or substrate. Adhesion promotion layers are usually applied to the substrate
prior to depositing the polymer[94], which adds another step to the manufacturing
process, and may also require a post-deposition treatment to activate the adhesion
chemistry[95]. Post-deposition surface modifications, such as plasma treatment, also
add another step and the functionality often degrades with time[96].
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Studies have shown that highly-branched polymer additives, such as many-armed
star and bottlebrush architectures, can be designed to de-mix from the host polymer
and segregate at film interfaces during processing.[30, 38] As an example, many-armed
star or bottlebrush poly(styrene-r -methyl methacrylate) additives were shown to demix from a blend with linear poly(styrene-block -methyl methacrylate) and segregate
at both the air and substrate surfaces. The surface enrichment occurred during
solution casting and persisted through thermal annealing. This process created a
“neutral” topcoat that stabilized a perpendicular orientation of the self-assembled
block copolymer domains relative to the surfaces[39, 40], making these additives useful
for applications in lithography. In our own works, we established guidelines to design
surface-active bottlebrush polymer additives for linear homopolymers. We considered
systems with attractive [42], neutral[97], or repulsive[43] interactions between the
bottlebrush and linear polymers, and measured the through-film composition in both
solution-cast and thermally-annealed films. In all cases, the bottlebrush additives
were accumulated at both the free surface and substrate when the homopolymer
chain length was much longer than bottlebrush side chain length, consistent with an
entropy-mediated segregation process[37, 38, 57, 63]. As interaction strength changed
from attractive to repulsive, the amount of additive at the film interfaces was increased
relative to the amount in the film interior. Notably, in repulsive systems, nearly all
of the additive was driven toward the film boundaries.[43]
This study is focused on the design of bottlebrush copolymer additives that
improve both the surface wettability and substrate adherence of commodity polymers.
Linear PS was chosen as a model commodity polymer because it is hydrophobic
and poorly adheres to oxide surfaces[82, 83]. The bottlebrush copolymer additives
were designed with both tBA and S moieties in the side chains, where tBA is a
“functional” chemistry and S is incorporated to help compatibility with the linear PS
host. We chose tBA as our functional chemistry for three reasons: First, tBA is a
low energy, hydrophobic chemistry that is converted to AA by heating at moderate
temperature.

AA is a higher energy, hydrophilic, and pH-responsive chemistry.
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As such, the incorporation of tBA provides a method to tune surface energy and
wettability by simply heating the film. Second, polymers with acrylate or carboxylic
acid groups tend to stick to oxides due to hydrogen bonding [82, 83]. Specifically, the
carbonyl group of tBA and AA is a hydrogen-bond acceptor, the carboxylic acid of
AA is a hydrogen-bond donor, and silicon oxide is both an acceptor and donor[98,
99]. Consequently, both tBA and AA could improve adherence of the PS film to
an underlying oxide surface. Third, tBA/S interactions are repulsive so nearly all
additive should be localized at the surfaces, provided the linear PS is much higher
molecular weight than bottlebrush side chains.[43, 97]
In the first part of this chapter, we describe the synthesis of these functional
bottlebrush copolymer additives, examine the kinetics of tBA thermolysis, and
characterize surface properties as a function of tBA conversion.

Two types of

bottlebrush copolymer additives were synthesized: those that contained a mixture of
PtBA and PS side chains, designated as BB-(PtBA-m-PS), and those that contained
P(tBA-r -S) side chains, designated as BB-P(tBA-r -S). We found that thermolysis
kinetics at 140 ◦ C was significantly accelerated in BB-(PtBA-m-PS) relative to BBP(tBA-r -S), with conversions of approximately 95% versus 10-30%, respectively, after
48 hours of annealing. Consequently, thermal annealing could be used to tailor certain
properties of BB-(PtBA-m-PS), such as surface wettability, but had little impact on
the properties of BB-P(tBA-r -S). In the second part of this chapter, we examine the
structure of PS films that contain BB-(PtBA-m-PS) and BB-P(tBA-r -S) additives.
For both cases, solution-cast films showed a strong enrichment of the additive near the
free surface with little additive remaining in the bulk. However, during subsequent
thermal annealing (which drives tBA thermolysis), only BB-(PtBA-m-PS) remained
localized at both the free surface and substrate interface. The final part of this chapter
examines the properties of PS films with BB-(PtBA-m-PS) additive, and shows that
surface wettability and adherence to silicon surfaces (with native oxide) are both
highly tunable and pH responsive.
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3.2

Experimental

Materials
Linear Polystyrene.
A PS standard was purchased from Scientific Polymers, Inc.
Reagents.
Unless otherwise specified, all reagents and solvents were purchased from commercially available sources and used as received.

Styrene and tert-butyl acry-

late were passed through an aluminum oxide column before use.

2,2’-Azobis(2-

methylpropionitrile) (AIBN) was purified by recrystallization in methanol. Bicyclo[2.2.1]hept-5-en-2-ylmethyl 2-(((dodecylsulfanyl)(thioxo)methyl)sulfanyl)-2-methylpropoanoate (NB-CTA) [78] and the third-generation Grubbs ((H2 IMes)(-Pyr)2 (Cl)2 RuCHPh) (G3) catalyst[24] were synthesized according to previously reported methods.
Norbornene functionalized poly(t-butyl acrylate) macromonomer (NB-PtBA).
t-Butyl acrylate (4492.1 mg, 35.0 mmol), NB-CTA (239.2 mg, 0.508 mmol), AIBN (8.6
mg, 0.052 mmol), and methylethylketone (4.9 mL) were added into a round-bottom
flask equipped with a stir bar. The solution mixture was purged with argon for 20
min, and the polymerization was initiated by placing the flask in an oil bath at 60
◦

C. After 2.5 h, the polymerization was quenched by immersing the flask into liquid

nitrogen. The polymer was then obtained by precipitation into ice-cold methanol
containing 40% H2 O (v/v). This purification was repeated four more times to ensure
removal of all unreacted reagents.
Norbornene functionalized polystyrene macromonomer (NB-PS).
Styrene (10,389.9 mg, 99.90 mmol), NB-CTA (317.9 mg, 0.6752 mmol), AIBN (11.1
mg, 0.0678 mmol), and benzene (8.6 mL) were added into a 25 mL round-bottom
flask equipped with a stir bar. The solution mixture was purged with argon for 20
min, and the polymerization was initiated by placing the flask in an oil bath at 70
◦

C. After 18 h, the polymerization was quenched by immersing the flask into liquid

nitrogen. The polymer was then obtained by precipitation into ice cold methanol.
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This purification was repeated four more times to ensure removal of all unreacted
reagents.
Bottlebrush BB-(PtBA-m-PS) synthesis.
BB additives with a mixture of side chain chemistries were synthesized by ring-opening
metathesis polymerization (ROMP) in a nitrogen filled glovebox. As shown in Figure
3.1, NB-PtBA (118.4 mg, 0.0185 mmol, 55 equiv) and NB-PS (81.0 mg, 0.0150 mmol,
45 equiv) were dissolved in anhydrous degassed chloroform (3.9 mL) in a vial equipped
with a stir bar. In a separate vial a stock solution of G3 (2.44 mg/mL) was prepared
in anhydrous degassed chloroform. Next, 0.1 mL (0.244 mg, 0.000335 mmol, 1 equiv.)
of the catalyst solution was added to initiate the reaction and was allowed to stir for
30 min. The reaction was quenched by addition of a few drops of butyl vinyl ether
and the product was collected by precipitation in cold methanol containing 10% H2 O
(v/v).
Norbornene functionalized poly(t-butyl acrylate-r-styrene) macromonomer (NB-P(tBAr-S)).
NB-P(tBA-r-S) was synthesized by reversible addition-fragmentation chain-transfer
(RAFT) polymerization. Styrene (3252.0 mg, 31.3 mmol), t-butyl acrylate (2632.0
mg, 20.5 mmol), NB-CTA (49.2 mg, 0.105 mmol), AIBN (3.9 mg, 0.024 mmol),
and 2-butanone (3.5 mL) were added into a 25 mL round-bottom flask equipped
with a stir bar. The solution mixture was purged with argon for 20 min, and the
polymerization was initiated by placing the flask in an oil bath at 70 ◦ C. After 5 h,
the polymerization was quenched by immersing the flask into liquid nitrogen. The
polymer was then obtained by precipitation into ice cold methanol containing 40%
H2 O (v/v). This purification was repeated four more times to ensure removal of all
unreacted reagents.
Bottlebrush BB-P(tBA-r-S) synthesis.
Random side-chain BB additives were synthesized in the same manner as the mixed
side-chain BB. As shown in Figure 3.2, NB-P(tBA-r-S) (76.4 mg, 0.0218 mmol, 150
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Figure 3.1: (i) RAFT (t-butyl acrylate (2-butanone, 60 ◦ C), styrene (benzene, 70
◦
C), AIBN); (ii) ROMP (CHCl3 , G3, RT). Fragments colored in red and blue were
detected by TOF-SIMS analysis.
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equiv) was dissolved in anhydrous degassed tetrahydrofuran (0.63 mL) in a stirbar equipped vial. A separate solution of G3 was prepared in anhydrous degassed
tetrahydrofuran and 0.1 mL (0.106 mg, 0.000146 mmol, 1 equiv.) was added to
initiate the reaction. After 30 min a few drops of butyl vinyl ether were added and
the product collected by precipitation in cold methanol containing 10% H2 O (v/v).
ROMP kinetics.
ROMP kinetics were performed for certain NB-PtBA and NB-PS macromonomers.
As a representative example, a NB-PtBA stock solution (59.4 mg/mL, DCM) was
divided into nine vials equipped with stir bars (0.5 mL/vial, 29.71 mg polymer, 0.0046
mmol, 100 equiv). The solvent was removed under vacuum before placing the vials
into the glovebox. One vial was kept as a reference (no G3 added) for NMR analysis.
To the other 8 vials, anhydrous degassed chloroform (0.49 mL, 50 mg/mL) was added
to dissolve the polymer followed by an injection of 0.1 mL (0.033 mg, 1 equiv) G3
solution to initiate each reaction. Each individual reaction was allowed to run for a
predetermined time before being quenched by a few drops of butyl vinyl ether. The
solvent was then removed under vacuum and 0.6 mL of CDCl3 was added to each
vial for NMR. Conversion was determined by comparison of the norbornene peaks
(2H, 6.1 ppm) to the tert-butyl group (9H, 1.43 ppm) using the reference sample as
a starting integration value. For styrene kinetics, integration was done against the
styrene ring (5H, 6.3-7.2 ppm). Gel permeation chromatography was then run to
determine the degree of polymerization for each reaction time.
Instrumentation
Gel Permeation Chromatography (GPC).
Weight-average molecular weight (Mw ) and dispersity (Ð) of each macromonomer
and bottlebrush were determined at 25 ◦ C using an Agilent 1260 Infinity II GPC
with THF at a flow rate of 1.0 mL/min as the mobile phase. The Agilent GPC was
equipped with a Wyatt Dawn Helios 8 multiangle light scattering detector, ViscoStar
III, and an Optilab T-rEX. Reported molecular weights were obtained via universal
calibration analysis using polystyrene standards.
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Figure 3.2: (i) RAFT (70 ◦ C, t-butyl acrylate, styrene, AIBN, 2-butanone); (ii)
ROMP (CHCl3 , G3). Fragments colored in red and blue were detected by TOFSIMS analysis.
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Nuclear Magnetic Resonance Spectroscopy (NMR).
1

H NMR spectra were measured on a 600 MHz Varian spectrometer.

1

H shifts are

reported in ppm relative to internal solvents. Number-average molecular weight, Mn ,
was calculated by integration against the norbornene double bond protons (2H, 6.1
ppm).
Spectroscopic Ellipsometry.
The thickness of each film was measured using a J.A. Woollam M-2000 spectroscopic
ellipsometer. The parameters that characterize the polarization (phase change Δ and
amplitude ratio Ψ) were recorded as a function of wavelength (λ, nm), and these
data were analyzed with a three-layer model comprised of a Cauchy film on native
oxide/bulk Silicon (ambient = air). The adjustable parameters for regression analysis
were the constants A and B in the Cauchy dispersion relation, n(λ) = A + B/λ2 , as
well as the film thickness. Typical values of A and B were 1.5 and 0.01, respectively.
The refractive indexes for both the native oxide and bulk silicon were set to known
values and the native oxide thickness was constrained to 1 nm.
Fourier-transfrom Infrared Spectroscopy (FTIR).
FTIR spectroscopy (Nicolet) was used to monitor the deprotection reaction of tBA to
AA by tracking the absorbance of the C-O-C stretch at 1150 cm-1 (AtBA )[100]. The
absorbances from styrene C-H between 3000-3100 cm-1 were used as reference peaks.
The 1150 cm-1 peak areas (At ) were normalized to the peak area at time t=0 (At0 )
before calculating the percent conversion of tBA to AA using Eq. 3.1.

% conversion =

At0 − At
At0

(3.1)

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS).
TOF-SIMS depth profile analysis was conducted with an ION-TOF TOFSIMS V
instrument (ION-TOF GmbH, Münster, Germany), administered by the Rice University Shared Equipment Authority (www.sea.com). Measurements were performed
using a Bi/Mn liquid metal primary ion gun (LMIG) and an argon gas cluster ion gun
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that were operated in non-interlaced, dual beam mode with alternating sputtering and
analysis cycles. For all samples, the Arn + (10 keV, n = 1500) beam was rastered over a
500 µm2 area with a central Bi3 + (30 keV) analysis region of 90 µm2 . An electron flood
gun was used for charge compensation operating at 20 eV, with a filament current
of 2.40 A and surface potential of 6.9 V. Negative secondary ions were collected at a
rate of 2 frames/sec with a cycle time of 200 µs.
Flow Coating.
The linear PS and BB copolymer, at a 9:1 ratio (w/w), were dissolved in chlorobenzene
to produce a solids concentration of 5 wt %. Films were prepared by flow coating the
blend solutions onto freshly UV-Ozone cleaned silicon wafers. UV-Ozone cleaning
produces a thin oxide layer, and its presence was confirmed by contact angle
goniometry (complete spreading of a water droplet). The blade gap height was set to
500 µm and 50 µL of solution was injected into the gap. The coating speed was set
to produce films with a thickness of 350 ± 50 nm. Thermal annealing at 140 ◦ C was
performed in a nitrogen-filled glovebox.
Microscopy.
Optical microscopy images were acquired with a Nikon LV100 reflected light
microscope at magnifications of 2.5x, 20x, and 100x. Atomic force microscopy (AFM)
was performed using an Asylum MFP-3D system in tapping mode. The probes were
silicon with a spring constant of 9 N/m and resonance frequency of 115 kHz. Imaging
parameters were 1 Hz scan frequency, 5 µm x 5 µm scan size, and 256 x 256 resolution.
Raw height and phase images were processed using a first-order flattening, provided in
the Asylum software, which helps eliminate z-offsets between scan lines by subtracting
an average z value (z = height or phase).

3.3

Results and Discussion

Bottlebrush copolymer additives were synthesized using either a random copolymer
NB-P(tBA-r -S) macromonomer or a mixture of NB-PS and NB-PtBA macromonomers.
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Bottlebrush copolymers based on NB-P(tBA-r -S) macromonomers are designated
BB-P(tBA-r -S), while those based on a mixture of NB-PS and NB-PtBA macromonomers are designated BB-(PS-m-PtBA). The characteristics of the linear PS,
the macromonomers, and the bottlebrush copolymers are listed in Table 3.1. The
subscripts on polymer names indicate which macromonomers were used to synthesize
each bottlebrush copolymers. For example, BB-(PtBA-m-PS)1 was synthesized from
NB-PtBA1 and NB-PS1 .
All macromonomers in Table 3.1 were synthesized through reversible additionfragmentation chain-transfer (RAFT) polymerization using an exo-NB functionalized
chain-transfer agent (CTA). The NB-P(tBA-r -S) macromonomer was synthesized
by a reaction run at low conversion, which favors a statistical incorporation
of each monomer[101], and all other macromonomers were synthesized at high
conversion.

All bottlebrush copolymers were synthesized through ring-opening

metathesis polymerization (ROMP) using a third generation Grubbs catalyst (G3)[1,
78]. When synthesizing bottlebrush copolymers with “mixed” side chains, statistical
incorporation is anticipated when the polymerization kinetics of each macromonomer
are matched.

Otherwise, the bottlebrush copolymer could have a gradient in

composition along its length or even distinct blocks of each chemistry. Therefore,
the ROMP homopolymerization kinetics were measured for NB-PtBA2 and NB-PS2 .
As seen in Figure 3.3, the homopolymerization of NB-PS2 is approximately 2 times
faster than NB-PtBA2 . This is opposite of the trend reported by others,[1] although
a different norbornene was used in that study. Small angle x-ray scattering (SAXS)
was performed on as-cast and annealed (140 ◦ C, 48 h) films of BB-(PtBA-m-PS)1
to check for self-assembly. If the side-chain incorporation is closer to blocky than
random, then self-assembly could occur with a domain periodicity set by the backbone
length. For an average backbone DP of 80, the anticipated domain periodicity of a
blocky structure is on the order of 40 nm[102]. As seen in Figure 3.4, one broad
peak is present at q = 0.6 nm, corresponding with a length scale of 10.5 nm. This is
suggestive of a correlation between backbones due to side chain organization.
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Table 3.1: Characteristics of the PS standard, macromonomers and bottlebrush
polymers. Mn is number-average molecular weight, N is degree of polymerization,
Ð is dispersity, ρ is % conversion of macromonomer to bottlebrush, f tBA is mol %
of tBA in the monomer feed, and F tBA is mol % of tBA in the final polymer. i For
the bottlebrush polymers, N and Ð correspond to backbone lengths and dispersities,
respectively.
Polymer
PS
PS
NB-P(tBA-r -S)
NB-PtBA1
NB-PS1
NB-PtBA2
NB-PS2
BB-P(tBA-r -S)
BB-(PtBA-m-PS)1
BB-(PtBA-m-PS)2

Mn (kg/mol) Ni
58
558
58
558
3.0
26
4.3
34
4.5
43
6.4
50
5.4
52
156
74
353
80
476
80

Ði
1.07
1.07
1.2
1.1
1.1
1.1
1.1
1.3
1.4
1.3

ρ
f tBA
0%
0%
40%
100%
0%
100%
0%
100% 41%
85% 47%
92% 47%

F tBA
0%
0%
41%
100%
0%
100%
0%
41%
43%
47%

Figure 3.3: Analysis of ROMP kinetics for NB-PS2 and NB-PtBA2 homopolymerizations. Solid lines represent the fit to ρ = 1 - e-kp t . The kp for each macromonomer
is reported with an uncertainty of one standard deviation.

39

Figure 3.4: SAXS data showing the principle peak at q=0.6 nm-1 , which corresponds
to a length scale (d) of 10.5nm. d = 2π/q
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A useful attribute of tBA-based additives is that heating at moderate temperature
will activate a deprotection reaction that cleaves the tert-butyl ester to produce a
carboxylic acid moiety, as shown in Figure 3.5[103]. Two carboxylic acid moieties can
then react to form an anhydride (AH), generating both intra- and inter-molecular
linkages.[104] Two types of tBA-incorporating bottlebrush additives were synthesized
(“random” versus “mixed” side chains), and we first examined the kinetics of thermal
deprotection to test for any differences between these designs. Films were annealed
at 140 ◦ C for a total of 48 h, and FTIR data were acquired after 0, 6, 24, and 48 h.
Figure 3.6 shows time-lapse FTIR data and percent conversion for two representative
materials, BB-P(tBA-r -S) and BB-(PtBA-m-PS)1 , and Figure B5 shows percent
conversion for a few additional materials. The deprotection reaction was monitored
through changes in the C-O-C stretch at wavenumber 1150 cm-1 , and as seen in
Figures 3.6a and 3.6c, this absorbance was slightly reduced for BB-P(tBA-r -S) and
was nearly undetectable for BB-(PtBA-m-PS)1 after 48 h. The percent conversion of
tBA is reported in Figure 3.6e, and reached 10% for BB-P(tBA-r -S) and exceeded
95% for BB-(PtBA-m-PS)1 after 48 h.
The secondary reaction that produces AH was monitored through changes in the
C=O stretch, which is detected at wavenumbers in the range of 1750-1830 cm-1 .
As seen in Figures 3.6b and 3.6d, the spectra for BB-P(tBA-r -S) show a strong
signal at 1730 cm-1 that undergoes only a slight reduction with time. However, the
spectra for BB-(PtBA-m-PS)1 show a reduction in the absorbance at 1730 cm-1 with
emergence of new peaks at both higher and lower wavenumbers. These changes are
consistent with the loss of tert-butyl protecting groups and formation of AA and
AH moieties.[104–106] To test whether the formation of AH creates inter-molecular
crosslinks, the solubility of BB-(PtBA-m-PS)1 films was examined both before and
after annealing at 140 ◦ for 48 hrs.

Films were immersed in tetrahydrofuran at

room temperature, which is capable of dissolving all chemistries. While the asprepared films were completely dissolved within a minute, the annealed films (> 95%
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Figure 3.5: Thermal deprotection of tBA to AA. A secondary reaction can occur
where two AA units react and dehydrate to form acrylic anhydride crosslinks.

Figure 3.6: FTIR data showing the characteristic absorbances from C-O-C at 1150
cm-1 and C=O between 1830-1680 cm-1 for a,b) BB-P(tBA-r -S) and c,d) BB-(PtBAm-PS)1 films as a function of annealing time at 140 ◦ C. e) Percent conversion of tBA
to AA as a function of time for BB-P(tBA-r -S) and BB-(PtBA-m-PS)1 , calculated
from the absorbance at 1150 cm-1 .
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conversion) did not dissolve after 5 min, consistent with the formation of a networklike structure due inter-molecular crosslinking.
The FTIR data and related analysis in Figures 3.6 and B5 clearly show that
the rate of thermal deprotection depends on how tBA monomers are incorporated
within the bottlebrush additive. We speculate that this finding stems from the
auto-accelerated effect of nearby acidic protons on the deprotection kinetics, as
is documented for the thermal deprotection of poly(p-t-butoxycarbonyloxystyrene)
and poly(t-butylmethacrylate)[103, 107, 108]. An auto-accelerated effect would be
sensitive to the local concentration of both tBA and AA groups. In materials such as
BB-P(tBA-r -S), the local concentration of these moieties is diluted by the presence of
S comonomer. However, in materials such as BB-(PtBA-m-PS)1 , the PS and PtBA
side chains could segregate into chemically-distinct domains along the bottlebrush
backbone, thereby producing regions with an elevated local concentration of reactive
moieties. Such segregation is consistent with the previously-discussed SAXS data.
As thermal annealing drives different extents of deprotection in the two types
of bottlebrush copolymers, the surface wettabilities of annealed films are expected to
differ. Water contact angles were measured on as-cast films, films that were thermally
annealed at 140 ◦ C for 48 hrs, and films that were thermally annealed at 140 ◦ C for 48
hrs and then conditioned by soaking in either deionized water (pH ≃ 6) or 1N NaOH
solution (pH ≃ 14) for 30 min. Figure 3.7 reports the outcomes for BB-P(tBA-r -S)
and BB-(PtBA-m-PS)1 . As a reference, the water contact angles on linear PtBA,
PS, and PAA surfaces were measured to be 88◦ , 90◦ , and 20◦ , respectively. It is
important to note that the water contact angle on PAA varies with the degree of H+
dissociation, with values ranging from 70◦ (protonated) to 10◦ (deprotonated)[44].
The extent of dissociation is controlled by the pKa of the PAA, which has been
reported to be approximately 8 for a similar PAA polymer surfaces[109–112], and by
the pH of water, which is approximately 5-6 for deionized water (containing dissolved
carbonic acid).
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As-cast films of BB-P(tBA-r -S) and BB-(PtBA-m-PS)1 had water contact angles
of 95◦ and 91◦ respectively, consistent with the hydrophobic nature of S and tBA
moieties. After annealing, the water contact angle remained at 95◦ on BB-P(tBAr -S) but increased to 96◦ on BB-(PtBA-m-PS)1 . After annealing and conditioning
in deionized water, the water contact angle was 93◦ on BB-P(tBA-r -S) and 90◦ on
BB-(PtBA-m-PS)1 . Finally, after annealing and conditioning in 1N NaOH solution,
the water contact angles decreased to 87◦ on BB-P(tBA-r -S) and 55◦ on BB-(PtBAm-PS)1 . These data show that the surface wettability of BB-(PtBA-m-PS)1 is highly
tunable through a combination of annealing and conditioning, while that of BBP(tBA-r -S) is far less sensitive to the same treatments. Focusing on trends with
BB-(PtBA-m-PS)1 we note that the increase in hydrophobicity after annealing might
be attributed to the presence of AH in addition to AA and S moieties, as AH is not
hydrophilic.[113] Another point to consider is that side chains on BB-(PtBA-m-PS)1
can rearrange during annealing. The surface energies of PS, PtBA, and PAA are 40.7
mJ/m2 [114], 30.4 mJ/m2 [115], and approximately 50-60 mJ/m2 [116], respectively, at
25◦ C. During casting, PtBA is enthalpically preferred over PS at the surface. As
PtBA is converted to PAA, this surface preference changes to the now lower energy
PS over the higher energy PAA. Soaking in DI results in swelling of the PAA, allowing
it to be better exposed on the surface to produce the slightly lower contact angle.
Soaking in aqueous NaOH both swells and deprotonates the PAA (NaOH pH > PAA
pKa )[112], which produces the greater hydrophilic change when compared to the DI
soak.
Our next goal was to demonstrate that these bottlebrush copolymers could serve as
surface-active additives for linear PS, a commodity polymer, and tune both surface
hydrophilicity and adhesion to a silicon substrate. When blended with linear PS,
the bottlebrush copolymers should spontaneously segregate to the interfaces of a
thin film. This is due to a few factors: First, the surface energy of PtBA (30.4
mJ/m2 ) is lower than that of PS (40.7 mJ/m2 ), so PtBA is preferred over PS at
the air-polymer interface. PtBA is also preferred over PS at the silicon substrate
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due to its hydrogen-bonding capabilities[98, 99]. Second, highly-branched polymers
are entropically preferred over linear polymers at surfaces[32]. Third, the positive
Flory-Huggins interaction parameter between PtBA and PS (ΧPS-PtBA ≃ 0.1)[117]
favors de-mixing of the additive and linear host[43, 53]. Additionally, the short
bottlebrush copolymer side chains are poorly wet by the long PS chains, also favoring
de-mixing.[97] However, deprotection of tBA to produce AA is expected to elevate
the surface energy (30.4 mJ/m2 to 56.3 mJ/m2 ). This may disrupt enrichment of
the additive at the free surface, either by promoting lateral phase separation or by
driving diffusion of additive into the interior of the film.
The enrichment of bottlebrush copolymer additives at the free surface and
substrate was examined through TOF-SIMS depth profiling[32], as shown in Figure
3.8. Thin films of linear PS containing 10 wt% of either BB-P(tBA-r -S) or BB(PtBA-m-PS)1 additive were cast onto silicon substrates and measured without
further processing (as cast), after annealing at 140 ◦ C for 24 hours, and after
annealing at 140 ◦ C for 48 hours. The molecular fragments that are unique to S
and tBA/AA/AH moieties are indicated by the blue (C6 H5 - ) and red (C3 H3 O2 - )
colors, respectively, in Figures 3.1-3.5. In as-cast films with either additive, the
relative signal of C3 H3 O2 - /C6 H5 - is strongly peaked at both ends of the depth
profile, a clear indication of additive segregation at both surfaces. This outcome
is consistent with our prior studies that examined surface segregation in blends
having unfavorable bulk interactions between the bottlebrush copolymer and linear
polymer, where the bottlebrush copolymer was also enthalpically preferred at both
surfaces.[43, 53] Thermal annealing had little impact on the segregation behavior of
BB-(PtBA-m-PS)1 but seemed to drive BB-P(tBA-r -S) away from the free surface
and into the interior of the film. These different behaviors in annealed samples are
attributable to the differences in chemistry: First, as previously discussed, the high
tBA conversion in BB-(PtBA-m-PS)1 produces intermolecular crosslinks that could
stabilize the bottlebrush-rich layers at each surface. Second, complete conversion of
tBA to AA increases the Flory interaction parameter between S and tBA (ΧS-tBA
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≃ 0.1[117] vs ΧS-AA ≃ 0.18[118]), which creates a large energetic barrier opposing
interdiffusion[117]. This barrier is higher for BB-(PtBA-m-PS)1 (∼ 95% conversion)
than BB-P(tBA-r -S) (∼ 10% conversion). The different monomer sequences within
each design could also impact their miscibility with linear PS.
Microscopy was used to examine the roughness and lateral structure at the surface
of the PS/additive blend films. Figure 3.9 shows optical microscopy and atomic force
microscopy (AFM) images for PS films containing 10 wt% of either BB-P(tBA-r -S) or
BB-(PtBA-m-PS)1 additive as a function of annealing time. Both types of films were
flat and featureless surfaces after casting. After annealing, films with BB-P(tBA-r -S)
additives developed roughness at a lateral scale of approximately 10 µm, as evidenced
by color variation in optical microscopy. Additionally, small bumps with a height of
3-4 nm and diameter of 100-200 nm were detected by AFM. In contrast, films with BB(PtBA-m-PS)1 additive remained flat through thermal annealing, although a subtle
texture was observed by AFM. This difference in surface features is most likely due to
a combination of two factors: First, the mixed side chains in BB-(PtBA-m-PS)1 could
act as a compatibilizer for the linear PS due to their ability to rearrange around the
bottlebrush backbone, suppressing the drive to restructure. Second, the crosslinking
in BB-(PtBA-m-PS)1 can help to lock-in the as-cast structure.
The bottlebrush copolymers with a mixture of PtBA and PS chains are more
tunable than those with P(tBA-r -S) side chains, as evidenced by the thermolysis
kinetics (Figure 3.6) and measurements of surface wettability (Figure 3.7). Furthermore, the thin film blends of PS and mixed-chain bottlebrush copolymer undergo little
restructuring with prolonged thermal annealing (Figure 3.8). With these factors in
mind, the remainder of this study was focused on the functions afforded by BB-(PtBAm-PS)1 additive in PS. Thin film blends of PS and 10 wt% BB-(PtBA-m-PS)1 were
annealed for different amounts of time at 140 ◦ C. PS films without any additives were
flow coated onto clean silicon and used as a control without further processing. The
adherence of the films to silicon substrates was examined by submersion in aqueous
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Figure 3.7: Water contact angle measurement data for BB-P(tBA-r -S) and BB(PtBA-m-PS)1 bottlebrush films.

Figure 3.8: TOF-SIMS depth profiles for thin films of of linear PS with (a) BBP(tBA-r -S) and (b) BB-(PtBA-m-PS)1 additives. The ratio of C3 H3 O2 - to C6 H5 signals is proportional to additive concentration. The polymer-air interface is at
depth = 0 nm and the polymer-substrate interface is at depth = 300-400 nm (last
signal point).
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solutions of various pH for 30 min, after which the samples were rinsed with DI water
and then dried under a nitrogen stream.
One thing to note is that other studies have also used AA as a substrate adhesion
promoter that is incorporated into the bulk-polymer as a co-monomer[119, 120],
whereas we have decoupled that through the use of AA containing additives. Figure
3.10 shows optical microscopy images of the samples before and after submersion
tests. Pure PS films (no additive) floated off the silicon substrate when soaked in
DI, 1M NaCl, or 1M NaOH, as shown in Figure 3.10b-d. However, the adherence
of additive-containing films to silicon was a function of both annealing time (tBA
conversion) and pH of the aqueous solution. As shown in Figure 3.10f-h, the ascast films (0% tBA conversion) remained adhered when submerged in DI water but
released when submerged in 1M NaCl and 1N NaOH. DI water is relatively ion free
(CO2 absorption is responsible for the slightly acidic pH), so it is not capable of
disrupting the H-bonds. However, both 1M NaCl and 1N NaOH solutions are ionic,
resulting in H-bond disruption (between the tBA and substrate) and subsequent film
release. We also observed that submersion in 1M NaCl produced a clean release,
meaning an intact film floated off the surface, while submersion in 1N NaOH produced
a fractured release with some residue left on the substrate. As shown in Figure 3.10jl, films that were annealed for 6 hours (≈ 15% tBA conversion) remained adhered
when submerged in either DI and 1M NaCl and a fractured release after submersion
in 1N NaOH. AA is both a H-bond donor and acceptor, compared to tBA being only
a H-bond acceptor, so the conversion of tBA to AA results in additional H-bonding
occuring between the additives and the substrate. When placed into either DI or
1M NaCl, since the pH of both solutions is ≤ than the pKa of the AA groups, the
AA groups remain protonated and the H-bonds are not disrupted. However, the 1N
NaOH is capable of deprotonating the AA groups, resulting in decreased adherence
that ultimately leads to film failure[112]. Annealing for 24 and 48 h (90-95% tBA
conversion) results in the films remaining adhered when submerged in all fluids, as
shown in Figure 3.10n-p and 3.10r-t. We suspect the high amount of AA present
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in these films results in deprotonation taking a longer time (longer than our 30 min
soak), thereby increasing the amount of time it takes for failure to occur. However, the
films that were annealed for 24 hr showed creases after soaking in 1N NaOH (Figure
3.10p). Likely the higher amount of AH crosslinks present after 48 h annealing helps
prevent this when compared to annealing for 24 h.
The trends in surface wettability that were observed with pure BB-(PtBA-m-PS)1
films are also observed when BB-(PtBA-m-PS)1 is incorporated in PS. Figure 3.11
summarizes water contact angles for the blend films as a function of annealing time
at 140 ◦ C and the conditioning treatment. PS films (no additive) were again used as
a control. Contact angles were only recorded for films that remained adhered to the
substrate through conditioning. Before submersion in any of the conditioning fluids,
all films (as cast and annealed) had contact angles near or above 90◦ . After annealing
for 6 hrs and conditioning for 30 min in DI or 1M NaCl, the contact angles were all in
the range of 87 - 90◦ . Annealing for 24 hrs followed by the same conditioning protocols
was found to slightly increase the hydrophilicity, producing contact angles near 85◦ .
Annealing for 48 hours followed by the same conditioning protocols produced a more
varied response, where films that were conditioned at lower pH (pH in the range of 6
to 9) produced water contact angles in the range of 85 to 90◦ , while those conditioned
at higher pH (pH of 14) produced water contact angles in the range of 75◦ . These
trends are similar to the ones seen in bottlebrush only films, where the dissociation
of H+ from the PAA dictates the overall surface response to water[44].

3.4

Conclusions

We report the synthesis of bottlebrush copolymers containing styrene and reactive
t-butyl acrylate. Through thermal conversion t-butyl acrylate can be converted to
acrylic acid, which allows for tuning of the surface wettability and substrate adhesion
properties of films. We first tested this tunability in bottlebrush only films and
demonstrated that wettability and adhesion increase as more acrylic acid is produced
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through annealing. We then moved to blend films of these bottlebrushes with linear
PS. TOFSIMS depth profiles showed that the bottlebrushes enrich the interfaces
after casting and remain there throughout subsequent annealing. Film adhesion
and wettability also increased when compared to a pure PS only film. This study
demonstrates that bottlebrush copolymers can be used to bring functional properties,
such as better adhesion and wettability, to polymers that alone do not possess these
features.
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Figure 3.9: Optical and AFM images of PS films with (a,b,c) BB-P(tBA-r -S) or
(d,e,f) BB-(PtBA-m-PS)1 additive as a function of annealing time at 140 ◦ C. Optical
images are at 100X magnification and AFM height images are 5 µm x 5 µm.
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Figure 3.10: Optical images of PS and PS + BB-(PtBA-m-PS)1 blend films before
and after submersion in DI, 1M NaCl, or 1N NaOH. a-d) PS (no BB). e-h) As cast BB(PtBA-m-PS)1 blend. i-l) Annealed 6 h BB-(PtBA-m-PS)1 blend. m-p) Annealed 24
h BB-(PtBA-m-PS)1 blend. q-t) Annealed 48 h BB-(PtBA-m-PS)1 blend. Annealing
was done at 140 ◦ C. Each row corresponds to a different treatment method.
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Figure 3.11: Water contact angle for each film presented in Figure 3.10. Data are
reported for films that remain adhered to the surface through each treatment.
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Chapter 4
Fouling resistance of
brush-incorporating elastomers
4.1

Introduction

Marine biofouling occurs on surfaces that are submerged in marine environments.
Biofouling begins as the conditioning of a surface through adsorption of organic and
inorganic macromolecules immediately after submersion. This is followed by the
formation of a microbial biofilm within hours, which provides a hospitable surface
for larger organisms, such as algae, barnacles, and mussels, to attach and grow over
days to weeks[121–123]. Marine biofouling on ships and other maritime vessels is
of especially high concern. Ships with light fouling by slime can experience a 20%
increase in resistance at cruising speed, while heavier fouling can result in an increase
of up to 80%[124]. This increases both the fuel costs and environmental impacts,
as higher fuel consumption is needed to maintain cruising speed, with additional
maintenance costs for hull cleaning and repair. A 2011 analysis by Schultz et al.
on the Arleigh Burke DDG-51 destroyer class, which makes up 30% of the Navy
fleet, estimated that fuel and maintenance costs associated with biofouling would be

54

approximately $56 million per year[125]. Extrapolating this amount to the entire fleet
results in an approximate cost of $187 million per year.
The primary method used to protect submerged surfaces from marine fouling
is biocide-containing coatings.[48].

These coatings are based on a self-polishing

copolymer matrix that leaches biocide as the surface is ablated[126, 127].

For

decades, tributyltin oxide (TBTO) biocide was used in these coatings, as TBTO shows
high toxicity towards a broad spectrum of fouling organisms. However, TBTO was
banned in 2008 worldwide by the International Maritime Organization due to its bioaccumulation[128] and non-specific organism toxicity[129, 130]. The types of currently
employed biocides include copper compounds, such as cuprous oxide[131], along with
other organic biocides, such as 4,5-dichloro-2-octyl-isothiazolone (DCOIT)[132]. As
there are concerns about the potential hazards of these alternative biocides[133–135],
polymeric non-biocide release coatings have been proposed to take their place[48, 123,
136].
Non-biocide-release coatings, or environmentally-friendly coatings, achieve fouling
resistance by modulating physical interactions at the surface. These coatings are
usually categorized as either fouling release (FR) or anti-fouling (AF). FR coatings
work by minimizing the adhesion strength of an organism to the surface, thereby
facilitating removal under shear flow induced by vessel motion. As the critical pulloff force of a foulant is proportional to (γE)1/2 , where γ and E are the critical
surface energy and modulus of the coating, respectively[137–139], polymers with
a low critical surface energy and/or low modulus are good candidates for FR
coatings. For example, current FR coatings such as Intersleek and Hempasil are based
on hydrophobic siloxane elastomers[140]. One such siloxane, polydimethylsiloxane
(PDMS), has both a low critical surface energy (22.8 mJ/m2 )[141] and low modulus
(2 MPa)[138]. On the other hand, AF coatings rely on hydrophilic chemistries to
produce a hydrated exclusion layer that prevents organisms from settling on the
surface[46, 47]. Unfortunately, each of these coatings types is susceptible to fouling
by certain organisms[142].
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Studies have shown that coatings containing both AF and FR chemistries can
outperform coatings that are solely based on one platform [48, 123]. As an example,
amphiphilic comb-like block copolymers containing varying ratios of PDMS (FR) and
poly(ethylene glycol) (PEG, AF) side chains exhibited increased fouling resistance to
BSA protein, Ulva spores, and Navicula diatoms when compared to both PDMSe
(Silastic T2) and SEBS elastomer reference coatings. Additionally, the critical water
jet pressure needed to remove Ulva spores from the amphilic copolymer was less than
that of the PDMSe reference[143]. Similarly, an amphiphilic comb-like styrenic block
copolymer with fluoroalkyl-capped PEG side chains (AF/FR) exhibited increased
fouling resistance to both Ulva spores and Navicula diatoms, as compared to PDMS
and glass surfaces[144]. Hyperbranched and crosslinked polymers containing AF and
FR chemistries have also been shown to provide increased fouling resistance. For
example, hyperbranched networks based on poly(pentafluoro styrene) (FR), PDMS,
and PEG exhibited 60% lower BSA adsorption than Sylgard 184 PDMS[145]. As
another example, when compared to pure PDMS, crosslinked networks of PDMS and
poly(vinyl pyrrolidone) (AF) were shown to exhibit decreased amounts of bacterial
growth and Navicula diatom settlement. Additionally, after submersion in a marine
environment for 4 months, the amphiphilic network exhibited increased resistance to
fouling by organisms such as barnacles, mussels, and sponges[146].
Topography has also been shown to influence the settlement and adhesion of
organisms on a surface. The size and aspect ratio of topographic features both play a
role in determining if and where an organism may settle[147, 148]. When considering
the relationship between feature size and size of the settling organism, organisms
such as Ulva spores prefer feature sizes slightly larger than themselves. This is due
to the cavities between features providing increased adhesion and protection against
hydrodynamic shear forces[149–151]. However, this relationship can be more complex
for other organisms, such as barnacle cyprids. For example, PDMS surfaces with
features ranging in width from 0 µm (smooth) to 512 µm were subjected to fouling
assays using barnacle cyprids, which are approximately 450 µm in size. The height
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for each feature size was set to provide an aspect ratio of approximately 1. Feature
sizes in the range of 64 - 256 µm resulted in the lowest percent settlement, while 0 - 32
µm and 512 µm resulted in the highest. At the small scale (32 µm), the feature size
matches the size of the attachment disc used to anchor the cyprid, which provides a
smooth attachment point between features. At the large scale (512 µm), the cyprid
is able to fit between features and sees an essentially "smooth" surface[152]. With
respect to aspect ratio, it has been shown that as aspect ratio increases, so does the
suppression of fouling by both Ulva spores and barnacle cyprids, with the best results
occuring for an aspect ratio of 2[153].
This study is focused on the development of fouling-resistant coatings based on
bottlebrush-incorporating elastomers.

Bottlebrush polymers consist of polymeric

side-chains densely grafted to a linear backbone. The highly-branched architecture
makes them surface active[32], so they are useful for the modification of surface
properties[40, 42, 53].

Both homopolymer and copolymer bottlebrushes can be

synthesized since the method used (ring opening metathesis polymerization (ROMP))
is compatible with many side-chain chemistries[154]. For example, polymers with
specific functional groups, such as quaternary ammoniums, can be incorporated
alongside more generic polymers, such as polystyrene, to produce amphiphilic
bottlebrush copolymers[155]. Also, the synthesis of bottlebrush polymers via ROMP
produces a polynorbornene based backbone containing alkenes. These alkenes can be
used for post-synthesis modifications through secondary reactions, such as a thiol-ene
click reaction[156].
In this chapter, we examined marine fouling resistance by bottlebrush-incorporating
SEBS elastomer. We designed seven types of these elastomers, where the bottlebrush
polymers included FR and/or AF side-chain chemistries.

Marine fouling was

examined through field immersion tests, where each elastomer was exposed to a broad
spectrum of marine organisms over a duration of approximately 4 months. The area
coverage of soft (algae) and hard (shelled organisms, colonial species) fouling was
quantified for each type of elastomer, both before and after cleaning with a water
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jet. The settlement of soft foulants ranged from 29 - 45% area coverage; the percent
release of soft foulants ranged from 41 - 77%; and the settlement of hard foulants
ranged from 2.3 - 23% area coverage. The surface chemistry and topography of each
as-prepared coating was also analyzed so that we could understand the origins of the
differences in performance. We found that some species seem to be sensitive to surface
chemistry while others are sensitive to surface roughness. This study demonstrates a
simple approach to incorporate different fouling-resistant polymer chemistries at the
surface of commercial elastomers and to screen their efficacy with respect to a variety
of soft and hard foulants.

4.2

Materials and Methods

Commercial Elastomers.
Poly(styrene-b-ethylene/butylene-b-styrene) (SEBS) and maleated poly(styrene-bethylene/butylene-b-styrene) (SEBS-MA) were provided by Kraton Polymers (Houston, TX). The SEBS was 29 mol% styrene with a number average molecular weight
of Mn = 73 kg/mol and dispersity of Ð = 1.05. The SEBS-MA was 30 mol%
styrene with Mn = 60 kg/mol and Ð = 1.22, and was functionalized with 1.4-2.0
wt.% maleic anhydride in the ethylene/butylene block. A third material, dopaminefunctionalized SEBS (SEBS-DA), was prepared by reacting SEBS-MA with dopamine
(Sigma Aldrich) as shown in Figure 4.7. The SEBS-MA was functionalized with
dopamine because catechol groups can promote adhesion to a variety of surfaces.[157]
Reagents.
All reagents were purchased from Sigma Aldrich and used as received unless
otherwise stated. The monomer, 2,2,2-trifluoroethyl methacrylate (TFEMA), was
passed through an aluminum oxide column to remove inhibitor. The initiator, 2,2’azobis(2-methylpropionitrile) (AIBN), was purified by recrystallization in methanol,
followed by drying under vacuum for 24 h.
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Grubbs third generation catalyst

((H2 IMes)(-Pyr)2 (Cl)2 RuCHPh) (G3)[24], exo-5-norbornene-2-carboxylic acid (NBCOOH)[158], exo-5-norbornene-2-methanol (NB-MeOH)[158], exo-5-norbornene-2-Nhydroxysuccinimide (NB-NHS)[159], and exo-5-norbornene-2-[4-cyano-4-(phenylcarbonothioylthio) pentanoic acid] (NB-CTA)[160] were prepared according to previously
reported procedures. Mono-aminopropyl polydimethylsiloxane (PDMS, 2 kg/mol,
Gelest) and poly(ethylene glycol) methyl ether (PEO, 2 kg/mol, Sigma) were
purchased and used as received. Solvents for reactions were purchased as anhydrous
and used as received.
Synthesis of NB-PDMS macromonomer.
The coupling of mono-amine terminated PDMS to NB-NHS was adapted from a
previously reported procedure[161]. As shown in Figure 4.1, NB-NHS (100 mg, 1.1
equiv), mono-amine terminated PDMS (774 mg, 1 equiv), N,N -diisopropylethylamine
(55 mg, 1.1 equiv), and chloroform (5 mL) were added to a round-bottom flask
equipped with a stir bar. After 18 h, 25 mL of cold hexanes were added to the flask.
The resulting white precipitate was filtered off and the filtrate was concentrated under
vacuum, resulting in a clear oil, NB-PDMS. The 1 H NMR spectrum is presented in
Figure C1.
Synthesis of NB-PEO macromonomer.
The coupling of PEO methyl ether to NB-NHS was done according to a previously
reported procedure[162]. As shown in Figure 4.2, NB-COOH (100 mg, 1 equiv) and
dichloromethane (DCM, 5 mL) were added to a round-bottom flask equipped with
a stir bar and degassed with argon for 10 min. Oxalyl chloride (368 mg, 4 equiv)
was added dropwise to this solution, followed by 1 drop of N,N -dimethylformamide
(DMF). After 4 h, the solvents were removed under vacuum and the flask was
backfilled with argon, resulting in the intermediate product exo-5-norbornene-2carbonyl chloride (NB-COCl). In a separate flask, PEO (1,450 mg, 1 equiv) was
dissolved in DCM (5 mL) and degassed with argon for 10 min. This PEO solution
was then transferred by syringe to the round-bottom flask containing NB-COCl. After
stirring for 18 h, NB-PEO was collected and purified by precipitation into cold ethyl
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ether (2x ), followed by drying under vacuum (room temp., 18 h). The 1 H NMR
spectrum is presented in Figure C2.
Preparation of PDMS and PDMS-co-PEO bottlebrush polymers.
Bottlebrush (BB) homopolymers containing PDMS side chains, along with the
bottlebrush copolymer containing PDMS and PEO side chains (PDMS-co-PEO), were
synthesized by ring-opening metathesis polymerization (ROMP) in a nitrogen filled
glovebox (Figure 4.3). For the bottlebrush homopolymer, NB-PDMS (100 mg, 40
equiv) was dissolved in DCM (1.9 mL) in a vial equipped with a stir bar. In a
separate vial, a stock solution of G3 (8.65 mg/mL) was prepared in DCM. Next, 0.1
mL of the G3 stock solution (0.865 mg, 1 equiv) was added to the macromonomer
solution to initiate the reaction. After 30 min., the reaction was quenched by the
addition of two drops of n-butyl vinyl ether. G3 catalyst was removed by passing the
solution through a silica plug. For the copolymer bottlebrush, NB-PDMS (100 mg,
1 equiv) and NB-PEO (110 mg, 1.1 equiv) were dissolved in DCM (4.1 mL) in a vial
equipped with a stir bar. In a separate vial, a stock solution of G3 (18.2 mg/mL)
was prepared in DCM. Next, 0.1 mL of the G3 stock solution (1.82 mg, 1 equiv)
was added to the macromonomer solution to initiate the reaction. After 30 min.,
the reaction was quenched by the addition of two drops of n-butyl vinyl ether. G3
catalyst was removed by passing the solution through a silica plug.
Synthesis of BB-PTFEMA and BB-(PTFEMA-co-PDMS).
The synthesis of bottlebrushes containing PTFEMA side chains required a twostep process. First, the NB-CTA was polymerized by ROMP, either by itself to
obtain a homopolymer macroinitiator, or with NB-PDMS to obtain a copolymer
macroinitiator. Then, PTFEMA containing bottlebrush polymers were synthesized
through reversible addition-fragmentation chain-transfer (RAFT) polymerizations
using these macroinitiators.
BB-PTFEMA.
As shown in Figure 4.4, NB-CTA (100 mg, 50 equiv) was dissolved in DCM (1.9
mL) in a vial equipped with a stir bar. In a separate vial, a stock solution of G3
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Figure 4.1: Reagents and conditions for the synthesis of NB-PDMS: (i) DIPEA,
chloroform, 18h.

Figure 4.2: Reagents and conditions for the synthesis of NB-PEO: (i) Oxalyl
chloride, DCM, DMF, 4h. (ii) DCM, 18h.

Figure 4.3: ROMP of NB-PDMS and NB-PEO to produce both bottlebrush
homopolymers and a copolymer.
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(37.7 mg/mL) was prepared in DCM. Next, 0.1 mL of the G3 stock solution (3.77
mg, 1 equiv) was added to the NB-CTA solution to initiate the reaction. After 30
min., the reaction was quenched by the addition of two drops of n-butyl vinyl ether.
G3 catalyst was removed by passing the solution through a silica plug. Solvent was
removed under vacuum, resulting in a dark red solid, PNB-CTA. The 1 H NMR and
GPC spectra are presented in Figures C3 and C6d, respectively.
Next, PNB-CTA (100 mg, 1 equiv), TFEMA (1300 mg, 30 equiv), AIBN (4.3 mg,
0.1 equiv), and THF (7.8 mL) were added to a round-bottom flask equipped with a
stir bar. After sparging the solution for 20 min. with argon, the flask was placed in
an oil bath set at 60 ◦ C for 24 h. The final polymer, BB-PTFEMA, was collected and
purified by precipitation into cold hexanes, followed by drying under vacuum (room
temp., 18 h). The 1 H NMR and GPC spectra are presented in Figures C4 and C6d,
respectively.
BB-(PTFEMA-co-PDMS).
As shown in Figure 4.5, the copolymer bottlebrush containing PTFEMA and PDMS
side chains was synthesized using a two-step process similar to the one previously
described for synthesizing BB-PTFEMA. First, NB-PDMS was copolymerized with
the NB-CTA to produce BB-(CTA-co-PDMS). Side-chains of PTFEMA were then
synthesized by RAFT to create the desired copolymer product. The 1 H NMR and
GPC spectra are presented in Figures C5 and C6c, respectively.
Coupling of BB to SEBSMA.
As seen in Figure 4.6, SEBSMA (100 mg) was first dissolved in xylenes (3 mL) in
a round-bottom flask equipped with a stir bar, followed by the addition of DMF (3
mL). 8-amino-1-octanethiol (1 mg, 0.25 equiv relative to MA groups) dissolved in 0.5
mL DMF was then added to the flask. The solution was then sparged with argon for
15 min. and then placed in an oil bath set at 70 ◦ C for 2 h, followed by an increase to
120 ◦ C for 2 h. The final product, SEBS-SH, was collected by precipitation into cold
methanol, followed by drying under vacuum (room temp., 18 h) Next, SEBS-SH (1
equiv), BB (1 equiv), and AIBN (10 equiv relative to the thiol groups) were dissolved
62

Figure 4.4: i) G3, THF, 30 min. ii) TFEMA, AIBN, THF, 60 ◦ C, 24h.
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Figure 4.5: i) G3, THF, 30 min. ii) TFEMA, AIBN, THF, 60 ◦ C, 24h.
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in cyclopentyl methyl ether (50 mg/mL) in a round-bottom flask equipped with a
stir bar. This solution was sparged with argon for 15 min. and then placed into an
oil bath set at at 70 ◦ C for 18 h. A small aliquot was taken for GPC to monitor
the coupling reaction while the remaining product was left in solution for immediate
casting onto panels.
Synthesis of SEBS-dopamine (SEBS-DA).
As shown in Figure 4.7, SEBSMA (100 mg) was first dissolved in THF (1.5 mL)
in a round-bottom flask equipped with a stir bar, followed by the addition of DMF
(1.5 mL). Dopamine HCl (2 mg, 0.5 equiv relative to MA groups) dissolved in 1
mL of DMF and 0.1 mL triethylamine was then added to the flask. The flask was
then placed in an oil bath set at at 70 ◦ C for 18 h. The final product, SEBS-DA,
was collected and purified by precipitation into cold methanol, followed by drying
under vacuum (room temp., 18 h). Because modification of SEBSMA with dopamine
results in a nominally low dopamine functionalization, 1H NMR and GPC do not
show associated spectra changes.
Coatings for Laboratory Studies.
Coatings for controlled laboratory fouling assays and surface characterization were
prepared on 1 in. x 3 in. glass slides using a motorized flow coater built using
a reported design[79]. The gap height was 250 µm, and the blade was a 1 in. x
3 in. glass microscope slide. The amount of solution used was 0.15 mL and was
applied to the substrate at a blade speed of 7 mm/s. The glass slide substrates
were functionalized with (3-aminopropyl)trimethoxysilane, which acts as an adhesion
promoter for SEBS-MA, following a previously reported procedure[163]. The solvent
used for casting was cyclopentyl methyl ether (CPME). First, a thick layer of SEBSMA was coated onto each glass slide from a 10 wt.% solution, followed by annealing
at 120 ◦ C for 18 h. The thickness of this layer, as measured with an electronic
micrometer (Chicago Brand), was approximately 12 µm for all coatings. Next, a
topcoat of bottlebrush-incorporating SEBS was applied over the SEBS-MA base coat
from a 5 wt.% solution. Topcoat thicknesses were approximately 1-2 µm.
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Figure 4.6: i) xylenes:DMF (50:50 by volume), 70 ◦ C, 2h, increase to 120 ◦ C, 2h.
ii) cyclopentyl methyl ether, AIBN, 70 ◦ C, 18h. R = PDMS, PEO, PTFEMA.

Figure 4.7: i) THF:DMF (50:50 by volume), 70 ◦ C, 18h.
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Coatings for Marine Fouling Assays.
Coatings for marine fouling assays were prepared using an Elcometer film applicator,
with a gap height of 4 mil (∼ 100 µm), on 6 in. × 12 in. G10 fiberglass panels
(McMaster Carr). The G10 panels were sanded with 400 grit sandpaper, followed by
cleaning with isopropanol, before coatings were applied. The solvent used for coating
was CPME. First, a base coat of SEBS-DA was applied from a 15 wt.% solution by
dispensing 3 mL at one end of the G10 substrate, followed by two down-and-back
passes using the Elcometer film applicator. The coating was then dried in a gravity
oven at 120 ◦ C for 10 min. The base coat thicknesses were all approximately 10
µm. Next, a topcoat of bottlebrush-incorporating SEBS was applied from a 5 wt.%
solution by dispensing 2 mL on the base coat, followed by two down-and-back passes
using the Elcometer film applicator. The coating was then dried in a gravity oven
at 120 ◦ C for 10 min before measuring the final thickness (base coat and topcoat),
which was approximately 11 µm for all panels. The coating covered 6 in. × 9 in.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS).
TOF-SIMS analysis was performed using a TOF-SIMS NCS instrument, which
combines a TOF.SIMS5 instrument (ION-TOF GmbH, Münster, Germany) and an
in-situ Scanning Probe Microscope (NanoScan, Switzerland) at the Rice University
Shared Equipment Authority. Bunched 60 keV Bi3 2+ ions with a measured current
of 0.1 pA were used as the primary probe. Two separate areas were analyzed for
each sample to provide both positive and negative secondary ion spectra since they
cannot be collected simultaneously. Surface charge compensation based on the surface
potential was applied with an electron flood gun during the analysis. The cycle time
was fixed to 100 µs (corresponding to m/z = 0 - 911 a.m.u. mass range). Surface
images were taken with a field of view of 75 µm × 75 µm at a resolution of 2048 ×
2048 pixels. Surface images of selected ion signals were first normalized by the total
ion count followed by binning at 16× (4 pixels × 4 pixels) to enhance the signal-tonoise ratio. Depth profiling measurements were performed using the Bi3 2+ ions and
an argon gas cluster ion gun that were operated in non-interlaced, dual beam mode
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with alternating sputtering and analysis cycles. For all samples, the Arn + (10 keV, n
= 1500) beam was rastered over a 500 µm2 area with a central Bi3 2+ (30 keV) analysis
region of 90 µm2 .
Atomic Force Microscopy (AFM).
AFM was performed using an Asylum MFP-3D system in tapping mode. The probes
were silicon with a spring constant of 9 N/m and resonance frequency of 115 kHz.
Images were recorded at a resolution of 256 × 256 (pixels). Raw height and phase
images were processed using a first-order flattening, provided in the Asylum software,
which helps eliminate z-offsets between scan lines by subtracting an average z value
(z = height or phase). Root mean square (RMS) roughness was calculated with the
Asylum software.
Gel Permeation Chromatography (GPC).
The number-average molecular weight (Mn ) and dispersity (Ð) of each macromonomer
and BB were determined at 25 ◦ C using an Agilent 1260 Infinity II GPC, which uses
THF at a flow rate of 1.0 mL/min as the mobile phase. The Agilent GPC was
equipped with a Wyatt Dawn Helios 8 multiangle light scattering detector, ViscoStar
III viscometry detector, and an Optilab T-rEX RI detector.

Molecular weights

reported were determined via conventional calibration analysis using polystyrene
standards.
1

H NMR.

1

H NMR spectra were acquired on a 600 MHz Varian spectrometer.

1

H shifts are

reported in ppm relative to internal solvents.
Marine biofouling assays.
Marine biofouling assays were performed at Narragansett Bay, RI. The panels were
submerged from June 21, 2021 through October 5, 2021 for a total of 106 days. The
panels were photographed to document the different types of foulants. The middle
third of each panel was then subjected to cleaning by a water jet, which was designed
to replicate the effects of an 11 knot ship speed, using the following parameters:
3/16 in. nozzle, 90◦ angle between nozzle and surface, 1 in. gap between nozzle and
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surface, 22 psi water jet pressure, 3 down-and-back passes, 1.5 cm/s movement speed
per pass[164]. After treatment with the water jet, the panels were photographed once
more to document the extent of soft foulant removal. The number and type of each
organism was determined through visual inspection and ImageJ was used to quantify
the area coverage. Analysis of the settlement of soft and hard foulants was performed
from the full 9 in. × 6 in. area of the coating on each panel, while release of soft
foulants was analyzed from a 9 in. × 2 in. strip that ran through the center of each
panel. Fouling detected within 1/2 in. of the all coating edges was not included in
the final summary, as outlined in ASTM standard D6990-20. Percent removal of soft
fouling was calculated as follows:
Percent Removal =

Ai − Af
,
Ai

(4.1)

where Ai and Af are the initial and final percent area coverages, respectively.

4.3

Results and Discussion

We synthesized bottlebrush homopolymers and copolymers containing polydimethylsiloxane (PDMS), polyethylene oxide (PEO), and/or poly(trifluoroethyl methacrylate) (PTFEMA) side chains. These chemistries were chosen due to their association with anti-fouling (PEO)[46, 47] and fouling-release (PDMS, PTFEMA)[48–50]
properties[123]. Four different bottlebrush polymers were synthesized: Two bottlebrush homopolymers containing either PDMS (BBPDMS ) or PTFEMA (BBPTFEMA )
side chains, and two bottlebrush copolymers containing either PDMS and PEO
(BBPDMS-co-PEO ) or PDMS and PTFEMA (BBPDMS-co-PTFEMA ) side chains.

The

characteristics of the bottlebrush polymers used in this study are listed in Table
4.1. Appendix C includes 1 H nuclear magnetic resonance (NMR) spectroscopy in
Figures C1-C5, and gel permeation chromatography (GPC) in Figure C6.
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The four bottlebrush additives described in Table 4.1 were incorporated into SEBS
elastomers through two methods. In the first approach, SEBS-MA was functionalized
with 8-amino-1-octanethiol and subsequently coupled with the polynorbornene
backbone of the bottlebrush additives, as shown in Figure 4.6, using equal molar
proportions of SEBS-MA and bottlebrush additive. The product of this coupling
reaction was a mixture of bottlebrush-functionalized SEBS-MA, SEBS-MA, and
uncoupled bottlebrush, as shown by the GPC characterization in Figure C6. These
materials are designated as SEBS-BB in Table 4.2. In the second approach, SEBS
was blended with bottlebrush at a 9:1 molar ratio. This material is designated
as “SEBS + BB” in Table 4.2. Equimolar blends of different SEBS-BB materials
were also employed, as these were expected to phase separate and introduce
heterogeneities at micrometer length scales. Surface heterogeneities have been shown
to influence fouling by bacteria, Ulva spores, Navicula diatoms, sponges, mussels, and
barnacles[143–146].
G10 fiberglass panels were used as the substrate for marine fouling assays. Each
panel was coated with a base layer of SEBS-DA (12 µm thick) and one of the topcoats
listed in Table 4.2 (1-2 µm thick). Coatings A through G incorporated at least
one type of bottlebrush additive and the SEBS topcoat (no bottlebrush additive)
was used as a reference.

Panels were submerged for 106 days in Narragansett

Bay, RI, during the summer months (June through October).
these immersion tests are shown in Figure 4.8.

The results of

The types of foulants present,

along with their respective percent area coverage, were determined for each coating
through image analysis.

The following organisms were observed: brown algae

(Phaeophyceae), hydroid (Hydrozoa), bushy bryozoan (Amathia distans), slipper
snail (Crepidula fornicata), jingle shell (Anomia simplex ), white crust tunicate
(Didemnum vexillum), orange sheath tunicate (Botrylloides violaceus), encrusting
bryozoan (Bryozoa stenolaemata), barnacle (Cirripedia), clubbed tunicate (Styela
clava), and tubeworm (Siboglinidae). Brown algae, hydroids, and bushy bryozoans
were analyzed as a single category of ”soft fouling” as these could not be distinguished
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Table 4.1: Characteristics of the side chains (SC) and bottlebrush polymers (BB).
Mn is number-average molecular weight, N is degree of polymerization, and Ð is
dispersity. i For the bottlebrush polymers, N and Ð correspond to backbone lengths
and dispersities, respectively.
Polymer
SCPDMS
SCPEO
SCPTFEMA
BBPDMS
BBPTFEMA
BBPDMS-co-PEO
BBPDMS-co-PTFEMA

Mn (kg/mol) Ni
2.1
27
2.0
43
5.0
29
76
36
72
13
117
57
207
52

Ði
Notes
1.05
1.05
1.1
1.24
1.20
1.09 50 mol% PDMS
1.62 45 mol% PDMS

Table 4.2: Description of the different surfaces used in this study.
Label
SEBS
A
B
C
D
E
F
G

Topcoat Type
SEBS (reference)
SEBS-BBPDMS
SEBS-BBPTFEMA
SEBS-BBPDMS (50 mol.%), SEBS-BBPTFEMA (50 mol.%)
SEBS-BBPDMS-co-PTFEMA
SEBS-BBPDMS-co-PEO (50 mol.%), SEBS-BBPDMS-co-PTFEMA (50 mol.%)
SEBS-BBPDMS-co-PEO
SEBS + BBPDMS-co-PEO
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for the purposes of area coverage. All other organisms, which fall under the category
of hard foulants, were logged individually.
Each bottlebrush polymerization yielded ca. 0.5-1 gram of product. This quantity
is sufficient to paint each type of bottlebrush-incorporating coating on either one largearea panel or several small-area panels. One large-area panel (54 in2 ) was used because
some types of hard foulants are themselves quite large. As examples, the SEBS coating
in Figure 4.8 is fouled by numerous large (ca. 1 in diameter) jingle shells, and coating F
has a large (ca. 2 in diameter) patch of white crust. However, the use of one large-area
panel rather than several smaller replicas means that sample-to-sample variability
cannot be evaluated in this study, and consequently, we cannot definitively state if
differences between two coatings are outside the statistical uncertainty. Instead, we
first test whether the values of each key metric (xi ) from the full set of coatings are
consistent with a normal distribution, using both normal quantile-quantile plots and
the Jarque-Bera test at a significance level of 5%. If the data are normally distributed,
then we calculate the average (µx ) and standard deviation (sx ) for that metric and
apply a two-sided hypothesis test based on the Student t-distribution:
sx
sx
µx − tα/2 √ < xi < µx + tα/2 √ ,
n
n

(4.2)

where n = 8 is the total number of coatings, and tα/2 =2.365 is the critical value of
the t-distribution for a significance level of α = 5% and n − 1 degrees of freedom. If
xi falls outside these bounds, then we conclude that xi is statistically different from
the mean µx .
The percent area coverage of soft fouling present on each coating is summarized
in Figure 4.9. The settlement values across all panels are normally distributed with
a mean area coverage of 37.9% and a standard deviation of 4.5%. Coating E, with
45% area coverage, is statistically worse than the mean. Coatings B and D, with 33%
and 29% area coverages, respectively, are statistically better than the mean. Also
summarized in Figure 4.9 is the percent removal of soft fouling from the middle third
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Figure 4.8: Results of marine field tests. Each image captures the central 8 in. ×
6 in. area of the panel. The type of topcoat is indicated in the top left.
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of the film after cleaning with a water jet. This cleaning process is designed to mimic
a ship speed of 11 knots,[164] and is used to examine the release of soft foulants
due to shear forces. No hard foulants were dislodged/removed during this cleaning.
These data are also normally distributed with a mean percent release of 60.6% and a
standard deviation of 13.3%. SEBS releases 41% of soft fouling, which is statistically
worse than the mean. Coatings B, D, and F release 73%, 74%, and 77% of soft fouling,
respectively, which are all statistically better than the mean. Coatings B and D are
the best overall performers: after water jet treatment, the area coverage of soft fouling
on these surfaces is only 8% and 5%, respectively. Additionally, soft fouling assays
using the model spore Ulva spp. were performed for each surface. The procedure
and counts for each surface can be found in Appendix C, Figure C8. Overall, the
SEBS reference coating appears to have performed the best, and there appears to be
no significant differences in counts for each bottlebrush-elastomer coating due to the
large uncertainty present.
The percent area coverage of hard foulants present on each coating is summarized
in Figure 4.10. Different types of foulants are grouped into two categories: colonial
organisms (white crust, encrusting bryozoan, orange sheath) are shown in red tones
and shelled organisms (slipper snail, jingle shell) in blue tones. Barnacles are excluded
from this analysis as their area coverage is less than 0.1% on all surfaces, but barnacle
counts are shown in Figure 4.11. Also excluded are clubbed tunicates and tubeworms
due to their low area coverage (< 0.1%) and few observations (<20 across all panels).
The values for total area coverage of hard foulants across all panels are normally
distributed with mean and standard deviation of 10.7% and 7.6%, respectively.
Coatings E and F, with total area coverages of 20.4 and 23%, respectively, are
statistically worse than the mean. Coating A, with a total area coverage of only
2.3%, is statistically better than the mean. Coating G, with a total area coverage of
4.6%, is just inside the lower bound of Equation 4.2. We also analyzed the fouling by
colonial and shelled organisms, as the data for each of these categories were normally
distributed. For area coverage by colonial organisms, the mean and standard deviation
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Figure 4.9: Percent area coverage of algae, hydroids, and bushy bryozoans for the
entire surface along with the percent area coverage for the middle third of the surface
before and after cleaning with a water jet.

Figure 4.10: Percent area coverage of the organisms that cover at least 0.5% of area
across all panels. Organisms are grouped as either shelled (blues) or colonial (reds).
Barnacles, tube worms, golden stars, and clubbed tunicates are not shown as their
percent area coverage was less than 0.1% across all panels.
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Figure 4.11: Counts of shelled (blues) and barnacles (orange) found on each coating.
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are 8.1% and 6.6%, respectively. Coatings E and F, with colonial area coverages of
19.6% and 17%, respectively, are statistically worse than the mean. Coatings A and
G, with colonial area coverages of 1.1% and 2.6%, respectively, are statistically better
than the mean. For area coverage by shelled organisms, the mean and standard
deviation are 2.6% and 2.5%, respectively. SEBS and coating F, with shelled area
coverages of 7% and 6%, respectively, are statistically worse than the mean. Coating
D, with a shelled area coverage of 0.2%, is statistically better than the mean. While
all coatings are fouled by a mixture of colonial and shelled organisms, the only surface
that is fouled by all five species is SEBS. Encrusting bryozoans are not observed on
coating F; white crust is not observed on coatings A and D; jingle shells are not
observed on coatings B, C, D, and E; and slipper snails are not observed on coating
G. It is interesting to note that coating D, which offered the highest resistance to soft
fouling, is highly effective against all organisms except encrusting bryozoans. These
observations underline the need to examine fouling by a diverse set of organisms when
evaluating coating efficacy[127, 165–167].
The differences in fouling resistance cannot be solely attributed to the chemistry
of each formulation. For example, coatings F and G both contain the BBPDMS-co-PEO
additive, although it is incorporated in different ways and at different concentrations.
While the settlement and release of soft foulants is similar between the two, the area
coverage of hard foulants is highest on F and among the lowest on G. Similarly,
coatings C and D contain the same amounts of PDMS and PTFEMA in the topcoat,
but these chemistries were incorporated through different strategies (blend of SEBSBBPTFEMA and SEBS-BBPDMS in C versus SEBS-BBPDMS-co-PTFEMA in D). While the
area coverage of hard foulants on these coatings is similar, the types of organisms
observed are different. Additionally, coating D accumulates less soft fouling with a
higher extent of release than C, such that the area coverage after water jet cleaning is
5% in D compared to 16% in C. Therefore, to explain why seemingly similar topcoats
produce different interactions with hard and soft foulants, TOF-SIMS imaging and
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AFM are used to detect spatial variations in surface chemistry and topography,
respectively, of the as-prepared coatings.
In TOF-SIMS imaging, a focused primary ion beam is rastered across the sample
surface, producing a 2D “image” of secondary ion counts for each mass-to-charge
(m/z) ratio. This method can resolve chemically-distinct regions over a large surface
area with sub-micron lateral resolution[168]. The following atoms and molecular
fragments are used to identify distinct components in the topcoats: C7 H7 + (m/z
= 91), assigned to styrene fragments from SEBS[169]; F- (m/z = 19), originating
from fluoroalkyl segments in PTFEMA; C2 H5 O+ (m/z = 45), a characteristic PEO
fragment[170]; and Si2 C3 H9 O2 + (m/z = 133), assigned to PDMS[171]. TOF-SIMS
images for m/z = 19, 45, 91, and 133 are summarized in Figures 4.12, 4.13, 4.14,
and 4.15, respectively, for all coating types. Positive and negative secondary ions are
evaluated in separate measurements from different areas of the sample, so the image
features in Figures 4.14, 4.13, and 4.15 do not overlay with those in Figure 4.12.
When evaluating the TOF-SIMS data, it is important to note that low m/z ratios
may be assigned to a single type of atomic or molecular fragment, while higher m/z
ratios usually reflect a combination of different molecular fragments. Therefore, before
drawing conclusions from the TOF-SIMS images, we considered whether the different
chemistries in these coatings can produce fragments with the same m/z ratios. The
signal at m/z = 19 is only observed in coatings B, D, and E, all of which incorporate
PTFEMA (Figure 4.12). Similarly, the signal at m/z = 45 is only observed in coatings
E and F, both of which contain PEO (Figure 4.13). The signal at m/ = 91 is strongest
for SEBS, as expected, and is also detected with varying degrees of intensity from
coatings B, D, E, F, and G (Figure 4.14). While this might indicate that one of the
bottlebrush additives also produces a m/z = 91 fragment, this signal is not correlated
with any of the others, demonstrating that it is unique to SEBS. The signal at m/z =
133 is detected from all coatings (Figure 4.15), a clear sign of degeneracy. However,
it is much stronger for coatings that incorporate PDMS-based additives (A, C, D, E,
F and G), and can therefore reveal PDMS-rich areas on the surface.
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Figure 4.12: TOF-SIMS surface image showing the characteristic PTFEMA
fragment F- (m/z = 19) signal for each surface. The size of each image is 75 µm
× 75 µm. Inset in panel C: depth profile for m/z = 19.

Figure 4.13: TOF-SIMS surface image showing the characteristic PEO fragment
C2 H5 O+ (m/z = 45) signal for each surface.[170] The size of each image is 75 µm ×
75 µm.
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Figure 4.14: TOF-SIMS surface image showing the characteristic SEBS fragment
C7 H7 + (m/z = 91) signal for each surface. The size of each image is 75 µm × 75 µm.

Figure 4.15: TOF-SIMS surface image showing the characteristic PDMS fragment
Si2 C3 H9 O2 + (m/z = 133)[171] The size of each image is 75 µm × 75 µm.
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The TOF-SIMS images for SEBS and coatings SEBS, A, C, D, and G all show
uniform signals across the image area, which is indicative of a chemically homogeneous
surface.

The SEBS reference topcoat produces the expected intense signal for

m/z = 91. Coating A, which has the SEBS-BBPDMS topcoat, produces an intense
signal for m/z = 133 (PDMS) and no signal for m/z = 91 (SEBS), consistent with a
surface that is strongly enriched by the bottlebrush. Coating C, which has the topcoat
based on a blend of SEBS-BBPDMS and SEBS-BBPTFEMA , produces a strong signal
for m/z = 133 (PDMS), no signal for m/z = 91 (SEBS), and no signal for m/z = 19
(PTFEMA). This demonstrates that the surface of coating C is strongly enriched by
BBPDMS and fully depleted of BBPTFEMA . The inset to Figure 4.12 shows a depth
profile for the m/z = 19 signal. The ion counts increase with sputter time, which
confirms that the SEBS-BBPTFEMA material is repelled from the surface. Coating
D, which has the SEBS-BBPDMS-co-PTFEMA topcoat, produces intense signals for both
m/z = 133 (PDMS) and m/z = 19 (PTFEMA) with a weak signal at m/z = 91
(SEBS), consistent with enrichment of the bottlebrush copolymer at the surface.
Coating G, which has a blend of SEBS and BBPDMS-co-PEO as the topcoat, produces a
moderate signal for both m/z = 91 (SEBS) and m/z = 133 (PDMS) but no signal for
m/z = 45 (PEO). This demonstrates that the bottlebrush copolymer migrates to the
surface during processing, but adopts a conformation where PDMS is enriched at the
surface and PEO is depleted. This effect is driven by the low surface energy of PDMS
(22.8 mJ/m2 ) relative to PEO (42.9 mJ/m2 ).[32] However, amphiphilic copolymers
can change their conformations in response to environmental cues[143, 144], so it is
likely that immersion in seawater will drive PEO toward the surface.
The TOF-SIMS images for coatings B, E, and F reveal chemical heterogeneities
at each surface. Coating B, which has the SEBS-BBPTFEMA topcoat, has PTFEMA
domains surrounded by a SEBS matrix, as shown by the m/z = 19 (PTFEMA) and
m/z = 91 (SEBS) images. The majority of these domains have a diameter in the
range of 0.5 - 2 µm and a spacing of approximately 2 µm. Some larger domains can
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also be seen that have diameters in the range of 3 - 5 µm. The presence of chemicallydistinct domains is consistent with lateral phase separation: the matrix is comprised of
unfunctionalized SEBS, while domains incorporates the SEBS coupled to BBPTFEMA
and any free BBPTFEMA . Coating E, which has a blend of SEBS-BBPDMS-co-PTFEMA
and SEBS-BBPDMS-co-PEO , shows multiple length scales of chemical heterogeneities.
The signal for m/z = 19 (PTFEMA) has patches of near-zero intensity that range in
size from 10 to 50 µm, and the signals for m/z = 91 (SEBS) and m/z = 45 (PEO)
show similar characteristics. However, the signal for m/z = 45 (PEO) also shows a
finer structure of circular domains with diameters in the range of 1 - 3 µm. Note
that the signal at m/z = 133 (PDMS) is fairly uniform across the surface, but this
is not surprising since both of the bottlebrush copolymers in the blend have PDMS
side chains. Coating F, which has the SEBS-BBPDMS-co-PEO topcoat, has large fractal
patterns that are consistent with PEO crystallization[172, 173]. Outside the fractal
domains, the m/z = 45 (PEO) signal is near-zero and the m/z = 91 (SEBS) and
m/z = 133 (PDMS) signals are a maximum.
The surface topography of each coating was examined with tapping-mode AFM.
Coatings were first imaged as cast and then again after soaking in artificial seawater
for 72 h. The RMS roughness was calculated from large-area (75 µm × 75 µm)
height images, and these data are summarized in Figure 4.16. Small-area images
were also taken to visualize finer features, such as self-assembled SEBS domains.
Representative AFM height and phase images for each type of coating are shown in
Figures C9-C16. In small-area images of the SEBS topcoat after casting, the surface
appears smooth (RMS roughness < 1 nm) and self-assembled nanoscale cylinders
are observed. However, the large-area images reveal a wavy texture that produces
an RMS roughness of 109 nm. Soaking in seawater increases this roughness to 128
nm. The periodicity and amplitude of these waves are 30 − 50 µm and 0.2 − 0.4 µm,
respectively, leading to an aspect ratio of approximately 0.01.
Coatings A, B, C, D, and G have RMS roughnesses in the range of 25 − 65
nm (as cast) and 56 − 134 nm (soaked) from large-area images. While the RMS
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roughnesses are similar in this group, each sample has different types of surface
features. The surface of coating A (SEBS-BBPDMS ) is mostly featureless in large-area
images, consistent with the strong surface enrichment of BBPDMS that was revealed
by TOF-SIMS. The surface of coating B (SEBS-BBPTFEMA ) has hard microscale
domains surrounded by a soft SEBS matrix. The hard domains are observed in
both the small-area and large-area images, while self-assembled SEBS nanostructures
are only resolved in the small-area images. These AFM images are fully consistent
with TOF-SIMS imaging, which shows that the microscale domains are enriched by
PTFEMA (a glassy polymer at room temperature) and surrounded by SEBS. The
AFM images for coating C (blend of SEBS-BBPDMS and SEBS-BBPTFEMA ) reveal a
low density of hard, sub-micron domains surrounded by a soft featureless matrix. The
hard domains are presumably enriched by SEBS-BBPTFEMA , while the soft featureless
matrix is consistent with enrichment by SEBS-BBPDMS . Importantly, the TOF-SIMS
image and depth profile did not detect any signal for m/z = 19 (PTFEMA) near the
surface. Therefore, it is likely that the hard domains sensed by AFM are actually
underneath the soft surface layer. The surface of coating D (SEBS-BBPDMS-co-PTFEMA )
has shallow pits surrounded by a featureless matrix. These pits, which are detected
in both the small-area and large-area images, have size and spacing of approximately
0.5 µm and appear softer in phase imaging. We suspect these pits are regions that
are slightly enriched in unfunctionalized SEBS, which is presumably softer than
BBPDMS-co-PTFEMA , but still contain SEBS-BBPDMS-co-PTFEMA at the surface as the
self-assembled SEBS nanostructures are not observed. No corresponding features
are observed in TOF-SIMS imaging, but these length scales are approaching the
resolution limit of that technique. The surface of coating G (blend of SEBS and
BBPDMS-co-PEO ) has an RMS roughness of 25 nm from large-area images, which arises
from a combination of small shallow pits (∼0.5 µm in diameter) and larger depressions
(∼5 µm). The small pits appear softer in AFM phase imaging, suggesting they are
enriched in BBPDMS-co-PEO , but are too small to detect in TOF-SIMS imaging.
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Coatings E and F have the roughest surfaces. The surface of coating E (blend of
SEBS-BBPDMS-co-PTFEMA and SEBS-BBPDMS-co-PEO ) has an RMS roughness of 119 nm
(as cast) and 123 nm (soaked) from large-area images. The roughness is produced by a
high density of large (∼ 5 µm diameter) and deep (∼ 0.1−0.3 µm) holes in a featureless
matrix. The TOF-SIMS images reveal that these holes are enriched in BBPDMS-co-PEO .
The surface of coating F (SEBS-BBPDMS-co-PEO ) has an RMS roughness of 195 nm (as
cast) and 151 nm (soaked) from large-area images. Phase imaging reveals a microscale
texture along with large-scale variations in hardness, consistent with the TOF-SIMS
image for m/z = 45 (PEO) that shows a fractal pattern attributed to PEO crystallites
at the surface.
Using the combination of TOF-SIMS and AFM data, it is possible to draw a few
conclusions about surface characteristics that influence both soft and hard fouling.
With respect to soft fouling, the extent of settlement is lowest on coatings that
have PTFEMA at the surface and are smooth (coatings B, D), while the extent of
release is highest for coatings that have PTFEMA at the surface and is independent
of roughness (coatings B, D, and E). It is worth noting that these outcomes are
insensitive to how PTFMEA is distributed at the surface: discrete microscale islands
(coating B), a conformal surface layer (coating D), or a patchy surface layer (coating
E) are all effective. These findings are consistent with the findings presented by
Dobretsov et al. In their study, two commercial coatings, Intersleek 700 (silicone
based) and 900 (fluoropolymer based) were tested for fouling resistance through field
immersion assays. It was found that the fluoropolymer based coating developed
significantly thinner biofilms, which are comprised of bacteria, diatoms, and algae
spores, compared to the silicone based coating[167]. Furthermore, the settlement of
soft fouling seems to be highest on the roughest surfaces (SEBS, E, F), while there is
no correlation between percent removal of soft fouling and RMS roughness (Figures
C33 and C34).
There is no single descriptor that explains which coatings are most effective
against all hard foulants, as distinct species have different sensitivities to both
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surface chemistry and topography. First, jingle shells do not settle on coatings that
incorporate PTFEMA (B, C, D, E), even if PTFEMA is depleted from the surface
(coating C). These findings are similar to the ones presented by Martinelli et al. Their
study examined the fouling resistance of fluoroalkyl PEG and PDMS copolymers
against barnacle cyprids. When compared to pure PDMS, the coatings containing
very low amounts of fluoroalkyl moieties performed better with respect to both cyprid
settlement and release[174]. Of the surfaces that are fouled by jingle shells, the
highest area coverage is attained on coatings that incorporate PEO but not PTFEMA
(coatings F, G). Jingle shell fouling is not influenced by surface roughness: coating
E is much rougher than B, C, or D, and coating F is much rougher than G. Second,
the area coverage of slipper snails is a maximum on the SEBS coating at 5.8%, and
ranges from 0-2.6% for bottlebrush-incorporating coatings. It is interesting to note
that coating B, which has large areas of exposed SEBS at the surface (Figure 4.14),
has the second highest coverage at 2.6%. There is no correlation between slipper snail
fouling and surface roughness (Figure C27). Finally, fouling by encrusting bryozoan
is minimized on the roughest surfaces (Figure C31), which are SEBS, coating E, and
coating F, and appears to be insensitive to surface chemistry. Generally, organisms
have been shown to prefer roughnesses on the same scale or slightly larger than
themselves[150, 152, 175]. Additionally, the aspect ratio of surface features has also
been shown to influence the settlement of foulers. For example, Schumacher et al.
showed that the settlement of Ulva linza spores and Balanus amphitrite cyprids are
both strongly correlated to the aspect ratio of surface features. Specifically, as the
aspect ratio increased, the fouling deterrence of the surface also increased, with an
aspect ratio of 2 giving the best results[153]. Based on these finidings, it is unlikely
the surface roughness and/or features seen in our coatings have any impact on fouling
performance due to the roughnesses seen on our surfaces being much smaller than
even the smallest fouling organisms that could be encountered (bacteria, Ulva spores).
We also looked for correlations in area coverage of hard fouling for all pairs of
species. Out of ten total comparisons, five do not show any correlations: Slipper snail
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versus jingle shell, slipper snail versus white crust, slipper snail versus orange sheath,
jingle shell versus white crust, and jingle shell versus orange sheath (Figure C22C26). For the other five comparisons, a mix of positive and negative correlations is
observed. As shown in Figure C17, there is a positive correlation between white crust
and orange sheath. For the other four pairs, which are encrusting bryozoan compared
to slipper snail, jingle shell, white crust, or orange sheath, a negative correlation is
observed (Figures C18 - C21, respectively). This high number of negative correlations
implies that it is difficult, if not impossible, to design a surface that resists encrusting
bryozoan in addition to the other types of hard foulants, at least based on the narrow
set of chemistries considered in this work (PTFEMA, PEO, PDMS).

4.4

Conclusions

We synthesized bottlebrush homopolymer and copolymer additives for SEBS-MA.
The bottlebrushes were synthesized with PEO, PTFEMA, and/or PDMS side chains.
These chemistries were chosen due to their association with anti-fouling and foulingrelease properties. Bottlebrushes were incorporated in SEBS-MA through covalent
linkages, as free additives, or both, and then applied as a topcoat on a thick base
layer of SEBS-DA. Seven types of bottlebrush-incorporating topcoats and a SEBS
reference topcoat were submerged in the Narragansett Bay (RI) for 106 days, after
which the area coverage of both hard and soft foulants was analyzed. To better
understand what attributes of the surfaces were controlling fouling resistance, the
surface chemistry and topography were mapped with TOF-SIMS imaging and AFM,
respectively. With respect to soft fouling, we do not observe any correlation between
area coverage or percent release and the surface characteristics. With respect to hard
fouling, jingle shells do not settle on coatings that contain PTFEMA, irrespective of
both the roughness and chemical homogeneity at the surface. Fouling by encrusting
bryozoan is negatively correlated with fouling by white crust and orange sheath.
This behavior is correlated with surface roughness: the area coverage of encrusting
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bryozoan decreases as roughness increases, while that of white crust and orange sheath
increases with roughness. Fouling by encrusting bryozoan is also negatively correlated
with fouling by both slipper snail and jingle shell. This behavior is correlated with
surface chemistry: as the amount of SEBS present on the surface increases, the area
coverage of slipper snail increases while encrusting bryozoan decreases. For jingle
shell, as the amount of PTFEMA present on the surface increases, the area coverage
of jingle shell decreases while encrusting bryozoan increases. These studies underline
the challenge of using physical interactions to combat fouling by a diverse spectrum
of marine organisms, and also show that bottlebrush polymers are effective for easily
introducing multiple chemistries to a surface for fouling resistance applications, as
evident by the ≥ 2× reduction in total fouling seen across five coatings when compared
to the SEBS reference coating.
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Figure 4.16: Root mean square roughness from analysis of 2 µm × 2 µm (blue) and
75 µm × 75 µm (orange) AFM height images.
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Chapter 5
Outlook
5.1

Fouling

Two other surfaces, a sanded G10 panel with no coating ("blank") and the SEBS-DA
base coat, were also included in the marine fouling assays but were not mentioned in
the previous chapter. The G10 fiberglass is an epoxy resin and glass cloth laminate
composite. We chose to use the SEBS-DA as a base layer because catechol moieties
allow for adherence to a variety of surfaces relevant to marine fouling[157, 176]. We
also use SEBS as a reference surface in these studies.
The percent area coverage of soft fouling is summarized in Figure 5.1. Overall,
the G10 blank accumulated the highest amount of fouling after 106 days with 47%,
followed by SEBS with 40% and SEBS-DA with 33%. Also shown in Figure 5.1 is the
percent removal of soft fouling. The G10 blank had the lowest extent of removal at
33%, while both SEBS and SEBS-DA had approximately 40% removal after cleaning
with the water jet.
The percent area coverage of hard fouling is summarized in Figure 5.2. Two
categories were used to group similar foulants: colonial organisms (white crust,
encrusting bryozoan, orange sheath) are shown in red tones and shelled organisms
(slipper snail, jingle shell) in blue tones. Barnacles are excluded from this analysis
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Figure 5.1: Percent area coverage of algae, hydroids, and bushy bryozoans for the
entire surface along with the percent area coverage for the middle third of the surface
before and after cleaning with a water jet.

Figure 5.2: Percent area coverage of the organisms that cover at least 0.5% of area
across all panels. Organisms are grouped as either shelled (blues) or colonial (reds).
Barnacles, tube worms, golden stars, and clubbed tunicates are not shown as their
areal coverage was less than 0.1% across all panels.
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Figure 5.3: Counts of shelled (blues) and barnacles (orange) found on each coating.
The area of each coating is 54 in2 .

91

as their area coverage is less than 0.1% on all surfaces, but barnacle counts are
shown in Figure 5.3. Also excluded are clubbed tunicate and tubeworm due to their
low percent area coverage (< 0.1%). The G10 blank accumulated nearly the same
amount of fouling as SEBS, with approximately 15% coverage, but the distribution
of organisms is much different than that of SEBS. White crust is responsible for the
majority of fouling present on the bare G10 compared to the more even distribution
between slipper snail, jingle shell, and white crust on SEBS. The SEBS-DA performed
the best overall with only 6% area coverage by hard foulants.
One thing to note is that the G10 blank and SEBS-DA both have a very low
amount of shelled organisms. Slipper snail accounts for only 1% areal coverage on
both surfaces, and neither have any jingle shell present, compared to SEBS with a
combined 7% areal coverage. A common feature between the G10 blank and SEBSDA is the presence of surface -OH groups. With the G10, the -OH groups are a
provided by the epoxy resin used to bind the glass fiber sheets together, while the
SEBS-DA has catechol groups provided by the added dopamine.
As a preface, within seconds after submersion in a marine environment, a surface
starts to be conditioned through the adsorption of both organic and inorganic
macromolecules[122]. This results in a tightly bound hydration layer that can impeded
contact, and subsequently adhesion, with the surface[177, 178]. However, marine
organisms routinely adhere to these submerged surfaces, which suggests that said
organisms are capable of removing this hydration layer. Studies on mussel adhesion
have shown that the amino acid L-3,4-dihydroxyphenylalanine (L-DOPA) plays an
important role during adhesion due to the catechol coordination of minerals and
oxides[179]. L-DOPA is also found in other organisms, such as tube worms and
tunicates, indicating that it is likely a common attribute to organism attachment
[180, 181]. As demonstrated by Maier et al, L-DOPA displaces surface cations,
which disrupts the hydration layer and allows for adhesion[178]. Based on this, we
hypothesize that the surface -OH groups present on the G10 and SEBS-DA bind
metals from the seawater, which creates a barrier to fouling by shelled organisms.
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Specifically, since the metal ions in the hydrated layer are now coordinated to the
surface, the amount of force required to displace said ions is now much higher,
resulting in adhesion for shelled organisms being much harder to achieve. This is
counter-intuitive, though, since -OH groups may be more prone to fouling as it can
H-bond to proteins or other residues used by organisms to attach[182].
To test this hypothesis, we are soaking different surfaces in artificial seawater to
determine if metal ion coordination does happen. Bare G10, SEBS, SEBS-MA, and
SEBS-DA films on silicon were placed into artificial seawater, where they will be stored
for 21 days. The artificial seawater was purchased from Ricca Chemical Company,
follows ASTM standard D 1141, and contains the following ion sources: sodium
chloride, sodium hydroxide, sodium fluoride, sodium bicarbonate, sodium sulfate,
magnesium chloride, potassium chloride, potassium bromide, boric acid, calcium
chloride, and strontium chloride. The seawater covering samples is refreshed every
three days. Once soaking is complete, one sample of each surface will be left as is
(no rinse) while the other sample will be rinsed with DI water before analysis. We
plan on using TOF-SIMS surface imaging to determine if any metal ions have become
bound to each surface, and if so identify said ions.

5.2

Adhesion

In addition to fouling resistance, each coating must also be able to adhere well to a
surface. The modification of SEBS using maleic anhydride was done for that reason
(Kraton). The maleic anhydride incorporated into the rubber block provides increased
adhesion to many substrates, such as aluminum, steel, and glass, when compared to
the non-functionalized SEBS[183]. We decided to further functionalize the SEBSMA using dopamine to provide catechol functionality, which has been shown to also
provide an increase in adhesion to surfaces[157]. To test how functionalization with
dopamine impacts coating adhesion we tested the adhesion of both SEBS-MA and
SEBS-DA on three different substrates: aluminum alloy (6061 grade), G10 fiberglass,
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and the commercial epoxy polyamide paint STIC-KOTE 8000 Series (MIL-DTL24441D, Type III). Approximately 10 µm thick coatings of each elastomer were
applied to the substrates using the same method outlined in Chapter 4 for making
the marine fouling assay coatings. Additionally, coatings of SEBS-MA were cast
onto a polydopamine base coat. This was done as a comparison to the dopamine
functionalized SEBS-DA, as a previous study showed that polydopamine could be
formed on a variety of surfaces and provides an adhesive layer for additional polymer
layers to be added to[176].
One sample of each coating was left as-cast while another sample was annealed
at 120

◦

for 24 h. Adhesion strength of coatings were measured using a PosiTest AT-

M (Defelsko) manual pull tester. Five 20 mm dollies were glued onto each coating
using the two-part epoxy supplied with the pull tester. The epoxy was cured at 65
◦

C for 1 h, as specified in the technical data sheet. Pulls were performed according

to the directions provided in the manual. Briefly, a dolly was connected to the pull
tester using the quick connect coupler. Pressure was increased on the dolly until
approximately 65 MPa was achieved, which is considered the priming pressure. A
slow and consistent increase in pressure was then applied until the dolly popped off
of the surface. The surface was then checked to determine if the pull was successful,
which is indicated by little to no epoxy glue left on the surface. If a large amount of
glue is still present then said pull test is labeled as a glue failure. The average adhesion
strength (MPa) along with the standard deviation was then calculated using the five
pulls performed on each surface.
The as-cast adhesion strength for each coating is summarized in Figure 5.4. The
adhesion strength of SEBS-MA is 25 - 30% higher than SEBS-DA on both aluminum
and G10. However, on the epoxy paint, the average SEBS-DA adhesion strength
is 10% higher than the SEBS-MA. When taking error into account, though, there
seems to be no difference between the two surfaces. Additionally, both SEBS-MA
and SEBS-DA show an increased adhesion strength on the epoxy paint. This is likely
due to the high amount of amines present in the epoxy that can interact with the MA
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and catechol functionalities. SEBS-MA on polydopamine primed G10 and aluminum
performed approximately the same as SEBS-DA on either surface.
The annealed adhesion strength for each coating is summarized in Figure 5.5.
Both SEBS-MA and SEBS-DA have approximately the same adhesion strength on
aluminum and G10 after annealing. On aluminum, SEBS-MA adhesion decreases
by 17% while SEBS-DA increases by 24%. On G10, both SEBS-MA and SEBSDA adhesion strength increase by 11% and 34%, respectively. Additionally, both
SEBS-MA and SEBS-DA exhibit an increase in adhesion strength on epoxy paint of
34% over the as-cast coatings. SEBS-MA on polydopamine also shows an increase
over the as-cast coatings, and polydopamine primed G10 and aluminum performed
approximately the same as SEBS-DA on G10. Based on these data there seems to
be little benefit to functionalizing SEBS-MA with dopamine to increase adhesion on
aluminum and G10. However, SEBS-DA does show an increase in adhesion over
SEBS-MA on the epoxy painted panels.
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Figure 5.4: Adhesion strength of as-cast coatings on each substrate.

Figure 5.5: Adhesion strength of annealed coatings on each substrate.
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Appendix A: Entropic and Enthalpic
Effects in Thin Film Blends of
Homopolymers and Bottlebrush
Polymers
Synthesis

Reagents for synthesis of rPS macromonomers
Table A1 describes the molar ratios of reagents used to synthesize rPS macromonomers.

Table A1: Molar ratios of reagents for rPS macromonomer synthesis.
Target Mn (kg/mol)

S:d8 S

NB-CTA:(S + d8 S)

NB-CTA:AIBN

Toluene:(S + d8 S)

3

3:1

1:76

10:1

1:1

5

3:1

1:153

10:1

1:1

9

3:1

1:300

10:1

1:1
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Analysis of rPS macromonomers.
A combination of 1 H NMR and GPC was used to determine the molecular weight
and composition for each rPS macromonomer. First, the number-average molecular
weight (Mn ) and dispersity (Ð) were determined by GPC analysis with conventional
refractive index (RI) detection relative to a monodisperse set of PS standards. The
degree of polymerization (Nsc ) was calculated by first subtracting the molecular weight
of the norbornene and CTA endgroups (471 g/mol) and dividing by the molar mass
of styrene (104 g/mol). Next, 1 H NMR analysis was conducted to determine number
of S units in each macromonomer. This was determined by integrating peaks at 6.5-7
ppm and 3.3 ppm, corresponding to Hd and Hee as shown in Figure A1. Finally,
the S content of the macromonomer is given by dividing the number of S units in
each macromonomer by the overall polymer DP calculated from GPC analysis. The
calculated values agreed with the expected S:d8 S ratios based on monomer feed ratios.
The calculated ratios of d8 S:S are reported in Table 2.2.
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Figure A1: Representative 1 H NMR spectra of (a) rPS macromonomer and (b) rPS
bottlebrush polymer in CDCl3 at a concentration of 10 mg/mL.
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Figure A2: Gel permeation chromatography analysis of rPS bottlebrush polymers
and macromonomers. (a) NB24 S28 (93.6% bottlebrush and 6.4% macromonomer)
and NB28 S28 (94.7% bottlebrush and 5.3% macromonomer) (b) NB22 S44 (94.2%
bottlebrush and 5.8% macromonomer) (c) NB26 S77 (92.3% bottlebrush and 7.7%
macromonomer). The macromonomers for the respective bottlebrush polymers are
represented by dotted lines.

115

TOF-SIMS Calibration
TOF-SIMS sputter rate calibration.
As shown in Figure A3, the 2 H+ and Si2 + counts are tracked as a function of sputter
time.
Sputter rate (Eq. 1) was calculated for each sample by taking the thickness of the film
and dividing by the time required to sputter through the entire film. The substrate
is indicated by a large spike and plateau in the Si2 + signal, and is marked by the
vertical red line in Figure A3.

Sputter rate (nm/s) =

F ilm thickness (nm)
Sputter time (s)

(1)

Assuming a constant sputter rate through the film, the calculated sputter rate can
be used to plot detected ion intensities through the depth of the films:

Depth (nm) = Sputter rate (nm/s) × Sputter time (s)

(2)

An example dataset calibrated for sputter rate is shown in Figure A4.
TOF-SIMS secondary ion intensity calibration.
To convert 2 H+ counts to bottlebrush composition (volume fraction φ), we first
construct a calibration curve that relates the deuterium signal to deuterium mass
fraction in the film. Films with known deuterium content were prepared by blending
miscible polystyrenes and deuterated polystyrenes in different proportions.

The

deuterium signal (2 H+ ) was first normalized by the carbon signal (C+ ) through the
entire film. The 2 H+ /C+ ratio was then averaged to the entire film for each blend,
and the average ion-ratios were plotted as a function of known 2 H+ composition in
the films. As shown in Figure A5, there is a linear relationship between deuterium
signal during TOF-SIMS and deuterium content in the film.
From the calibration curve, the slope (11.616) is used to convert the normalized
deuterium signal into a mass fraction of deuterium. This is then converted to a mass
fraction of bottlebrush by dividing by the total amount of deuterium per bottlebrush
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Figure A3: Example of raw data obtained from TOF-SIMS measurements, showing
2 +
H (black) and Si2 + (red) ion counts as a function of sputter time.

Figure A4:
Example of converted raw data obtained from TOF-SIMS
measurements, showing 2 H+ (black) and Si2 + (red) ion counts as a function of depth.

Figure A5: Calibration curve for 2 H+ .
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(0.0449 g deuterium/ g bottlebrush). Since the bottlebrush and matrix are both
polystyrene, the mass fraction is equivalent to the volume fraction φ(see Eq. 3):
2

ϕ=

H + (counts)
1
1 (g bottlebrush)
×
×
+
C avg (counts) 11.616 (slope) 0.0449 (g deuterium)
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(3)

Microscopy
AFM.
AFM was performed using an Asylum MFP-3D Atomic Force Microscope. The
topography and phase contrast were measured through tapping mode. The probes
were silicon, with a spring constant of approximately 9 N/m, and a resonance
frequency of 115 kHz. The parameters used for image acquisition were 0.8 Hz scan
frequency, 1 µm × 1 µm scan size, and 256 × 256 image resolution. Raw AFM data
were processed using the provided software from Asylum Instruments. First-order
flattening was used to process both height and phase images. This eliminates any Z
offsets formed between scan lines by subtracting each point in the scan line with an
average Z value (Z = phase or height). The roughness of each film was approximately
1-2 nm.
Optical microscopy.
Optical microscopy images of both as-cast and annealed samples were taken on a
Nikon LV100 reflected light microscope. Images were acquired at a magnification of
20x and 50x. The surfaces show some thickness variations over larger length scales
(mm) but are flat at smaller length scales (µm).
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Figure A6: AFM height (left) and phase (right) images for as-cast blends of
bottlebrush and linear PS. (a,b) NB24 S28 with Nm = 46. (c,d) NB169 S28 with Nm
= 173.

Figure A7: AFM height (left) and phase (right) images for annealed blends of
bottlebrush and linear PS. (a,b) NB24 S28 with Nm = 46. (c,d) NB169 S28 with Nm =
173.
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Figure A8: Optical microscopy images for as-cast samples at 50x magnification.
Different matrix chain lengths, Nm , are represented in each column, and different
side-chain lengths, Nsc , are presented in each row.

Figure A9: Optical microscopy images for annealed samples at 50x magnification.
Different matrix chain lengths, Nm , are represented in each column, and different
side-chain lengths, Nsc , are presented in each row.
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Supplemental experimental data.
Processing conditions for NB22 S44 as-cast samples.

Figure A10: Bottlebrush polymer concentration, φ, as a function of depth into the
film for NB22 S44 as-cast samples. Each row reports the outcomes for different solvent
types, and each column reports the outcome for different casting methods. Relative
matrix length (Nm ) to bottlebrush side-chain length (Nsc ), Nm /Nsc ∼ 20.
Effects of bottlebrush backbone length.

Figure A11: Bottlebrush polymer concentration, φ, as a function of depth into the
film for NB169 S28 as-cast and annealed blend samples. Relative matrix length (Nm )
to bottlebrush side-chain length (Nsc ), Nm /Nsc ∼ 7.
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Appendix B: Tailoring Adhesion and
Wettability of Thin Polymer Films
with Surface-Segregating Additives
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Gel Permeation Chromatography

Figure B1: GPC analysis of tBA/S bottlebrush polymers and macromonomers.
a) BB-P(tBA-r -S) (100% bottlebrush and 0% macromonomer), b) BB-(PtBA-mPS)1 (85% bottlebrush and 15% macromonomer), and c) BB-(PtBA-m-PS)2 (92%
bottlebrush and 8% macromonomer). The macromonomers for the respective
bottlebrush polymers are represented by dotted lines.
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1

H NMR

Figure B2: Representative 1 H NMR spectra for NB-PS. The styrenic protons (a,
5H, 6.3-7.3 ppm) were integrated relative to the norbornene protons (b, 2H, 6.1 ppm)
to calculate the polymer Mn .
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Figure B3: Representative 1 H NMR spectra for NB-PtBA. The tert-butyl protons
(a, 9H, 1.5 ppm) were integrated relative to the norbornene protons (b, 2H, 6.1 ppm)
to calculate the polymer Mn .
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Figure B4: Representative 1 H NMR composition analysis of BB-(PtBA-m-PS)
copolymer BB. The tert-butyl protons (b, 9H, 1.5 ppm) were integrated relative
to the styrenic protons (a, 5H, 6.3-7.3 ppm) to calculate the mole percent of each
polymer. This analysis also applies to NB-P(tBA-r -S) and BB-P(tBA-r -S).
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FTIR deprotection

Figure B5: Percent conversion of tBA to AA vs time for NB-P(tBA-r -S) and BB(PtBA-m-PS)2 .
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Appendix C: Fouling resistance of
brush-incorporating elastomers
Characterization of macromonomers, bottlebrush polymers, and bottlebrushelastomers.
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1

H NMR

Figure C1: 1 H NMR of the NB-PDMS macromonomer. The integration of a:b:c
is 185:2:1. After correcting for amine end-group functionality, a:b:c is 157:2:1, which
corresponds to 97% coupling efficiency.
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Figure C2: 1 H NMR spectrum of the NB-PEO macromonomer. The integration of
a:b is 3.77:2, which corresponds to 80% coupling efficiency.
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Figure C3: 1 H NMR specturm of the PNB-CTA used to create PTFEMA
bottlebrush by a "grafting-from" reaction . The alkene protons (b) along with the
benzyl CTA protons (a) are used to confirm a successful ROMP.
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Figure C4: 1 H NMR spectrum of BB-PTFEMA after RAFT polymerization.
The peak centered at 4.3 ppm confirms the presence of the PTFEMA side chains.
Integration of a:c is 5:20, which corresponds to a grafting density of 35% based on
the assumption that the PTFEMA side-chains are 5.0 kg/mol, which was assessed by
GPC. If 100% of the CTAs were activated the integration of a:c would be 5:58.
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1
Figure C5:
H NMR spectrum of BB-PDMS-co-PTFEMA after RAFT
polymerization.
The peak centered at 4.3 ppm confirms successful RAFT
polymerization to create the grafted-from PTFEMA side-chains.

134

Gel Permeation Chromatography (GPC)

Figure C6: GPC traces for the bottlebrush, SEBSMA, and bottlebrushSEBSMA coupled product for a) BB-PDMS-co-PEO, b) BB-PDMS, c) BB-PDMSco-PTFEMA, and d) BB-PTFEMA. Additionally, the representative traces for NBPDMS and NB-PEO can be seen in a) and the PNB macroinitiator trace in d). Values
of Mn and Ð are presented in Chapter 4 (Table 4.1).
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Ulva fouling assay
Ulva spp. were used as model biofouling organisms. The methodology used was
adapted from a previously reported study using Ulva spp. for biofouling testing[184].
Briefly, tubular Ulva spp.

thalli were collected at Fort Wetherill State Park

(Jamestown, RI) (41◦ 28’45.8” N, 71◦ 21’42.5” W) on July 19, 2021. Samples were
transported on ice to the Marine Science Research Facility (MSRF) at the University
of Rhode Island Narragansett Bay Campus within approximately 1 h of collection.
Each thallus was rinsed in sterile seawater (seawater was pumped from Narragansett
Bay at the MSRF, filtered with a 0.45 µm syringe filter, and autoclaved at 121 ◦ C
for 30 minutes) and then placed on absorbent paper to dry in a refrigerator at 4 ◦ C
overnight. The next day each Ulva specimen spp. thalli was placed into a 50 mL
centrifuge tube with purified chilled sterile seawater on ice for 20 min. to provide a
temperature shock and encourage spore release. Samples that exhibited spore release
(based on green pigmentation in the seawater) were then analyzed using a Nikon
Eclipse Ni -U upright microscope to identify quadri-flagellated zoospores (i.e., spores
with four flagella). A drop of suspension was placed on a microscope slide and a
drop of Lugol’s iodine was added to slow down the spores to identify if the spores
contained two or four flagella. All samples containing quadri-flagellated zoospores
were then combined and the solution suspension concentration was adjusted to (insert
actual concentration here based on cell count ). The target concentration was 1 x
106 spores/mL. Coatings (on glass slides) were placed in quadriPERM dishes and
7mL of spore suspension was added to each substrate. Samples were incubated in the
dark for 24 h at 19 ◦ C (i.e., seawater temperature at sampling location). Following
incubation, samples were then rinsed with sterile seawater and adhered spores were
fixed using 4% glutaraldehyde in seawater. Samples were stored in the dark at -20 ◦ C
until imaging. In the subsequent days, fluorescence imaging was performed using the
epifluorescence lamp and SYBR filter on a Nikon Eclipse Ni -U upright microscope at
10X magnification using a 3x3 pattern with 1 mm separation between images. Three
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total areas were imaged resulting in 27 total images per sample. Images were later
analyzed using a custom Python code described below.
The amount of Ulva present in each image was counted using an automated
procedure developed in Python. Images are first uploaded in JPG (RGB) format
using matplotlib, followed by conversion to a numpy array for ease of manipulation.
Image thresholding was done by multiplying the red channel (R) value by 0.5, followed
by subtracting the green channel (G) value (Equation 4).

Img = (R ∗ 0.5) − G

(4)

Skimage, a built in Python analysis program, is then used to count the number
of Ulva.

Adjustments to the criteria for counting can be made to account for

size/intensity if needed. The overall average counts for each surface can be found
in Figure C8.
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Figure C7: Example image of how threshholding and Skimage counts are applied
to the original RGB image.

Figure C8: Average Ulva counts for each surface type.
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AFM
AFM images were taken at 2 µm and 75 µm scales. Height line cuts are displayed
below their respective height images and are indicated by the red line.
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Figure C9: AFM height (left) and phase (right) images for the SEBS reference
coating.

140

Figure C10: AFM height (left) and phase (right) images for coating A.
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Figure C11: AFM height (left) and phase (right) images for coating B.
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Figure C12: AFM height (left) and phase (right) images for coating C.
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Figure C13: AFM height (left) and phase (right) images for coating D.
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Figure C14: AFM height (left) and phase (right) images for coating E.
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Figure C15: AFM height (left) and phase (right) images for coating F.
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Figure C16: AFM height (left) and phase (right) images for coating G.
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Correlation plots

Figure C17: Correlation between the fouling percent area coverage of Orange Sheath
and White Crust.

Figure C18: Correlation between the fouling percent area coverage of Encrusting
Bryozoan and Slipper Snail.
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Figure C19: Correlation between the fouling percent area coverage of Encrusting
Bryozoan and Jingle Shell.

Figure C20: Correlation between the fouling percent area coverage of Encrusting
Bryozoan and White Crust.
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Figure C21: Correlation between the fouling percent area coverage of Encrusting
Bryozoan and Orange Sheath.

Figure C22: Correlation between the fouling percent area coverage of Slipper Snail
and Jingle Shell.
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Figure C23: Correlation between the fouling percent area coverage of Slipper Snail
and White Crust.

Figure C24: Correlation between the fouling percent area coverage of Slipper Snail
and Orange Sheath.
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Figure C25: Correlation between the fouling percent area coverage of Jingle Shell
and Orange Sheath.

Figure C26: Correlatio between the fouling percent area coverage of Jingle Shell
and White Crust.
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Figure C27: Correlation between the fouling percent area coverage of slipper snail
and low-resolution RMS roughness.

Figure C28: Correlation between the fouling percent area coverage of jingle shell
and low-resolution RMS roughness.
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Figure C29: Correlation between the fouling percent area coverage of white crust
and low-resolution RMS roughness.

Figure C30: Correlation between the fouling percent area coverage of orange sheath
and low-resolution RMS roughness.
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Figure C31: Correlation between the fouling percent area coverage of encrusting
bryozoan and low-resolution RMS roughness.

Figure C32: Correlation between the fouling percent area coverage of all foulants
and low-resolution RMS roughness.
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Figure C33: Correlation between the fouling percent area coverage of soft fouling
and low-resolution RMS roughness.

Figure C34: Correlation between the percent removal of soft fouling and lowresolution RMS roughness.
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